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Editorial on the Research Topic

Community series in resident memory T cells: guardians of the balance
of local immunity and pathology, volume II
What happens between the time a T cell loses its naivety, expands thousands-fold, and

all its clonal progeny die can impact T cell sentinel functions in tissues. Holistically

understanding the dynamic control that imparts heterogeneous functional responses of

tissue-resident memory T cells (TRM) could clinically aid in balancing health and disease at

the level of local immunity. Notably, surrogate measurements of the functional quality of

TRM are quickly becoming a favored prognostic tool in the fight against cancer, with signs

of the same on the horizon for local infections, allergies, and autoimmune diseases. If you

are interested in how T cells in yourself, others, or model organisms, act, or how human T

cells in mice act the way they do, we have some recommended reading for you exploring

origin stories and fate decisions that influence “The Guardians of The Tissue”.

Did somebody have the gall to tell you your work needs more clinical relevance and you

now find yourself looking for a road map of how to establish it, to validate your existence

and appease the grant gods at the same time? Look no further, as Fujiki et al. have paved the

way. This one did not even use the word resident once, but we could not put it down.

Vitamin A metabolite signaling promotes CD4+ and CD8+ T cell effector function after

productive T Cell Receptor (TCR) signaling. Fujiki et al. discovered that T cells do the

metabolizing themselves. But not in a way that makes them full-fledged terminal effectors;

the good stuff (retinoic acid) that encourages that commitment comes from exogenous

sources such as tumor microenvironments. However, when the goal is memory generation,

too much of the good stuff is a bad thing, or perhaps, just cancers’ nefarious way of making

sure no memories remain. To learn more on the epigenetic modifications of this intrinsic

pathway that controls T cell fate, tune in to this riveting article with classic competition

experiments, tertiary memory generation, and xenografts. We recommend you get your lab
frontiersin.org014

https://www.frontiersin.org/articles/10.3389/fimmu.2024.1401196/full
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1401196/full
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1401196/full
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1401196/full
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1401196/full
https://www.frontiersin.org/research-topics/53702/community-series-in-resident-memory-t-cells-guardians-of-the-balance-of-local-immunity-and-pathology-volume-ii/articles
https://www.frontiersin.org/research-topics/53702/community-series-in-resident-memory-t-cells-guardians-of-the-balance-of-local-immunity-and-pathology-volume-ii/articles
https://doi.org/10.3389/fimmu.2022.935465
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2024.1401196&domain=pdf&date_stamp=2024-06-10
mailto:goplen.nicholas@mayo.edu
https://doi.org/10.3389/fimmu.2024.1401196
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2024.1401196
https://www.frontiersin.org/journals/immunology


Goplen et al. 10.3389/fimmu.2024.1401196
some LE540 yesterday; this paper could cause a supply crunch

driven by T cell fate enthusiasts!

The right and the left colon differ in terms of their embryonic

origin, vascularization, innervation, and gut flora. Talhouni et al.

make it obvious from the get-go that, since left- and right-sided

colorectal cancers (CRC) develop in different environments, the

approach to understand and treat them should not be “one side fits

all”. Since high numbers of T cells inside tumors (tumor hotness) is

a better prognostic indicator than the stage of the tumor itself, what

if you could find out something unique about those T cells in

tumors that improved our ability to monitor disease progression

and dynamically guide treatment decisions? Many independent

studies of cancers throughout the body have done just that. This

massive undertaking, where over 900 patients with CRC

contributed to findings that are going to improve clinical

assessment and treatment of left- and right-sided CRC, is the

largest imaging study of TRM in tumor microenvironments.

Machine learning trained on unique combinations of three

immunofluorescent markers (CD8a, CD103, and CD39) on tissue

microarray biopsies aided quantitation of cellular densities in right-

and left-sided hot and cold tumors. They speculate on why their

CRC findings are not “one side fits all” in the context of recent

understandings of checkpoint blockade mechanisms of action and

what they know of colon sidedness, with a discussion as captivating

as the article was throughout.

Presumably, there is prognostic value of absolute counts of

lymphocyte subsets in the circulation over measuring frequency of

the same; an easy adjustment to make for flow cytometry based

clinical measurements. Zhang et al. test this principle with

transparent methods to predict progression-free survival and

immune therapy efficacy for patients with advanced non-small

cell lung cancer. They suggest studies unwittingly including T

memory stem cells without separating them from their

corresponding naïve pools can misguide study conclusions. These

blood screening methods could guide patient specific monitoring

and treatment and could find relevance in many T cell-

mediated diseases.

When you hear IL-7 mentioned in everyday conversation, do you

ever just think about how its receptor mediates STAT-5 dependent

survival in T cells during early stages of development and naïve

existence? Do you then try and recall which cytokine receptors all

share the common gamma chain? Or does it hit deeper and conjure up

vivid pictures of tonic TCR signaling in survival and homeostatic

proliferation leading to memory differentiation in lymphopenic

conditions described in landmark papers from Charlie Surh’s group

circa 2000 that quickly evolved into Kaech et al. discovering IL-7Ra
could selectively predict T cell fates early in a response demonstrating

its functional importance for CD8+ T cell memory generation? This

thorough and well-organized review of the role of IL-7 in T cell biology

by Zhao et al. covers this and so much more. It turns out survival is

somewhat key to generating long-lasting memory T cells, an

indisputable goal in cancer immunotherapy regimens. Efforts to add

IL-7 to immunotherapies in preclinical and clinical trials.

Improvements on IL-7 adjuvant are discussed including altering

formulations, chaperones, and candidate adjuvants for IL-7 adjuvants.
Frontiers in Immunology 025
We are often left with the same somber impression as these

authors that the only good measure of a T cell response in

therapeutic development pipelines is clinical success or failure.

Nerves are immediately hit, reminding us of our repressed

thoughts: vaccines are optimized for their antibody production;

those that induce cellular immunity do so because of happy

accidents, not design. Imagine how much good we could do for so

many more diseases if measuring resting antigen-specific memory T

cells was as convenient (or more) as antibody titers from serum. The

goal is simple, noble, and rightfully reverent of T cell memory,

namely, to develop a measure of anti-tumor CD4 and CD8 memory

T cell responses that can be “easily standardized”. Gao and Bergman

apply bulk TCRseq clonal analysis in a model of curative viral onco-

immunotherapy. Although clonal expansion is 10 times greater in

the peritoneum upon tumor rechallenge, ~70% of the high-

responding memory T cell clonotypes were also high responders

in the spleen. This is encouraging, indicating the plausibility of

blood monitoring. The importance of such a patient-specific

method in tumor vaccine models is demonstrated as each mouse

mostly had unique clones (compared within group) that were high

responders to the same antigen (private TCR repertoire). While the

conclusions indicate responsive anti-tumor memory T cell clones

cannot currently be predicted/measured at resting state alone, the

method can certainly aid discovery and hypothesis testing in

preclinical models after antigen rechallenge.

Select serine-proteases from the granzyme family are

traditionally recognized for their intracellular roles (in trans) in

perforin-dependent immune-targeted cell death, a major

mechanism of both innate and adaptive immunity. Non-

canonical functions of these proteases include tunneling through

tissues, cleavage of viral proteins that mediate infection, production

of autoantigens, collagen degradation, fibroblast activation, wound

repair, and biological aging. Thus, as both a family and individual

molecules, granzymes are functionally diverse. Very little is known

about granzyme C (human ortholog(ue), granzyme H). In a venture

into the unknown, Lujan et al. looked at the usual [granzyme]

suspects - innate and adaptive T cell subsets in the skin of mice at

steady-state. About ¼ of dendritic epidermal [gd] T cells expressed

granzyme C, often in the dendritic extensions between

keratinocytes which could be functionally suggestive. These cells

acutely increased granzyme C expression in response to cutaneous

poxvirus infection. 30 days later ~15% of steady-state dermal and

epidermal CD8+ TRM also expressed granzyme C. Secondary

exposure to virus with or without cognate antigen, cognate

antigen alone, or IL-15 alone augmented granzyme C expression

to various degrees in TRM. We and the authors await conditional

knockouts of granzyme C to assess cell-specific bystander and

antigen-specific functions in the skin.

This Research Topic includes a perspective with a data-tease

that supports the hypothesis that lung pathogens should enter the

lung to induce a “quality” CD8+ TRM cell response (increased

quantity and diversity of functionality, in our opinion). Viruses

with lung tropism might be “better” at TRM differentiation in

general, versus viruses with no affection for the lung that were

forced to abide there through the machinations of Macedo et al.
frontiersin.or
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While ostensibly they anthropomorphize pathogens to help us

understand the big questions we should all ponder, are the

authors really just ascribing that voice to CD8 T cell antigens and

local microenvironments in which memories are made? You decide.

Regardless, we and they think this may also have implications for

mRNA vaccinations, which supports their subtle message of getting

quality TCR-pMHC interactions to where you want the sensitive,

rapidly responding memories while also keeping a less zealous

polyclonal backup pool to guard against mutating pathogens.

Zhou et al. raise the bar for establishing vaccine efficacy for

communicable diseases. In short, they provide a missing proof of

principle demonstrating the value of both systemic, but especially

respiratory tract, immunization to the population writ large. They

demonstrate substantial and stable CD8+ TRM establishment in

airways and lung parenchyma after intranasal vaccination with

Sendai virus nucleoprotein. After infecting with transmittable

murine parainfluenza virus (Sendai) that encodes luciferase,

parainfluenza replication was well contained in vaccinated hosts -

longitudinally measured with bioluminescence as a demonstrated

surrogate for viral titers. Those that received intranasal vaccine

allowed very little, if any, viral replication with all other groups

reaching 10,000-fold initial fluorescent intensity in the first three

days of infection. This sterilizing immunity was dependent on CD8

T cells, IFNg, IFNgR, and, to a lesser extent, perforin. Cohousing of
a mouse infected 150 days after intranasal vaccination produced no

new infections among the naïve cohoused population compared to

sham nucleoprotein and unvaccinated mice spreading infection to

100% of cohabitants. While subcutaneous vaccinations led to viral

spread, the secondary contacts exhibited well-controlled infections

compared to sham and unvaccinated mice. These studies suggest

that vaccinations that establish TRM are paramount for herd

immunity to communicable respiratory viruses. Optimizing

respiratory vaccines based on limiting transmission in preclinical

models may substantially improve vaccine efficacy and

benefit humanity.

Most adults worldwide have been infected with the herpesvirus

human cytomegalovirus (CMV). In case of immune dysregulation,

reactivation of latent CMV carries a severe or even fatal risk in

immunocompromised individuals. This reactivation is kept in

check by CD8 T cells but the location and nature of those CD8 T

cells in humans is poorly understood. White adipose tissue (WAT)

has been considered an endocrine organ for decades and, more

recently, an immune organ that sponsors fat-associated lymphoid

clusters (FALCs). FALCs are highly enriched in resident memory

CD8 T cells (TRM) against chronic and/or latent viruses with WAT

and non-WAT tropisms. Redruello-Romero et al. used high-

throughput sequencing analyses of the TCR locus in

subcutaneous sWAT, lesser studied omental oWAT, and liver

samples from 11 obese donors. Hyperexpanded clones from the

whole repertoire were particularly enriched in each of these tissues

relative to blood, consistent with their findings that most were
Frontiers in Immunology 036
tissue-resident memory phenotypes. The oWAT contained the

most cells predicted, and confirmed, to react to CMV epitopes.

This work highlights omental WAT depots in humans as a site

where latency of CMV may be kept in check over the lifespan by

resident memory CD8 T cells that preferentially reside there.

We hope this volume leaves you in awe at the quality and

ingenuity of tools being used to explore cutting edge questions and

has you pondering the future of T cell responses throughout

the body.
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Memory T cells play an essential role in infectious and tumor immunity. Vitamin A
metabolites such as retinoic acid are immune modulators, but the role of vitamin A
metabolism in memory T-cell differentiation is unclear. In this study, we identified retinol
dehydrogenase 10 (Rdh10), which metabolizes vitamin A to retinal (RAL), as a key
molecule for regulating T cell differentiation. T cell-specific Rdh10 deficiency enhanced
memory T-cell formation through blocking RAL production in infection model. Epigenetic
profiling revealed that retinoic acid receptor (RAR) signaling activated by vitamin A
metabolites induced comprehensive epigenetic repression of memory T cell-associated
genes, including TCF7, thereby promoting effector T-cell differentiation. Importantly,
memory T cells generated by Rdh deficiency and blocking RAR signaling elicited potent
anti-tumor responses in adoptive T-cell transfer setting. Thus, T cell differentiation is
regulated by vitamin A metabolism and its signaling, which should be novel targets for
memory T cell-based cancer immunotherapy.
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INTRODUCTION

The efficient generation of memory T cells is critical to develop
effective cancer immunotherapy and robust protective immunity
against infectious diseases. Accumulating evidence demonstrates
that nutrient metabolism plays a critical role in T cell
differentiation; glycolysis and fatty acid oxidation accelerate
effector and memory T cell differentiation, respectively (1–4).
Thus, it may be possible to guide T cells in a favorable direction
by manipulating nutrient metabolism (4).

Vitamin A is an essential nutrient for reproduction,
development, cell differentiation, and vision (5–9). Vitamin A
(retinol, ROL) is metabolized into retinoic acid (RA) via
retinaldehyde (also known as retinal, RAL) by two oxidation
steps that are strictly regulated by retinol dehydrogenases
(RDHs) and retinaldehyde dehydrogenases (RALDHs) (9).
Vitamin A and its metabolites are multifunctional and can
positively or negatively regulate the acquired immune
response. RA, the most active form of these metabolites,
enhances the extra-thymic induction of regulatory T (Treg)
cells (10, 11) and is required for the proper function of effector
CD8+ T cells (12) as well as the development of both Th1 and
Th17 cells (13). Thus, vitamin A metabolites can influence T cell
function and differentiation. However, it remains unsolved
whether T cell itself can metabolize vitamin A, and how the
metabolites regulate the T cell differentiation.

In this study, we describe that T cell itself can metabolize
vitamin A into RAL by RDH10, a rate-limiting enzyme for RA
biosynthesis, and that lack of the vitamin A metabolism by T-
cell-specific Rdh10 knockout enhances the induction of
memory, especially, central memory T cells (TCM) in Listeria
infection model, indicating that vitamin A metabolites such as
RAL and RA regulate T cell differentiation. Furthermore, we
describe that RA comprehensively induces repressive
chromatin states and deletes the memory T cell profile
through retinoic acid receptor (RAR), thereby promoting
effector T-cell differentiation. Conversely, blockage of RAR
signaling suppresses terminal T cell differentiation and
efficiently increases TCM with a potent anti-tumor immunity.
Thus, vitamin A metabolism and RAR signaling are novel
targets to enhance anti-cancer immunity.
MATERIALS AND METHODS

Mice
C57BL/6J mice were purchased from Clea Japan, Inc. (Tokyo,
Japan). C57BL/6 mice congenic for the CD45 locus (B6-CD45.1)
were purchased from Sankyo Lab Service (Tsukuba, Japan).
Cd4Cre, Rag1-/-, OT-I, and OT-II mice were purchased from
Taconic (Albany, NY, USA). NOD/shi-scid/gcnull (NOG) mice
were obtained from the Central Institute for Experimental
Animals (Kawasaki, Kanagawa, Japan). To generate Rdh10
conditional knock-out and Rdh10-lacZ knock-in mice, an
Rdh10 gene targeting vector (PRPGS00072_B_F12) purchased
Frontiers in Immunology | www.frontiersin.org 28
from the International Knockout Mouse Consortium (IKMC)
was electroporated into C57BL/6 background embryonic stem
cells (EGR-G101). After G418 selection, clones in which
homologous recombination correctly occurred were identified
by PCR with the following primers: 5′-CAC TAA CTT CTT
ACC TTA GTT CAT CCG TC-3′ (GF3) and 5′-CAC AAC GGG
TTC TTC TGT TAG TCC-3′ (LAR3) for the 5′ end and 5′-TCT
ATA GTC GCA GTA GGC GG-3′ (R2R) and 5′-GCC GGC
CGG TCC TGC AAT GGA CTG-3′ (GR3) for the 3′ end. The
gene-targeted EGR-G101 was injected into 8-cell stage ICR
embryos to obtain chimeric mice. The chimeric males were
crossed with C57BL/6J females and germ-line transmission was
confirmed by PCR with the following primers: 5′-GCA TTT
GTG CTC CCT ACC CAA TCT T-3′ (Rdh5′F) and 5′-CCA
ACT GAC CTT GGG CAA GAA CAT-3′ (Common en2R). F1
mice were crossed with CAG-Flpe or CAG-Cre mice to generate
Rdh10 floxed (Rdh10 f) or lacZ knock-in reporter (Rdh10 lacZ)
alleles, respectively (see Supplementary Figure 2A). Cre
recombinase-mediated deletion of the floxed site was
confirmed by PCR with the following primers: 5′-TTC ATA
AGG CGC ATA ACG ATA CCA C-3′ (P1), 5′-GAA CTG ATC
TCA GCC CAG AGA ATA-3′ (P2) and 5′-CCA CCA CCT GAA
CAG TGT GGA T-3′ (P3). The Rdh10lacZ allele was identified by
PCR with 5′-CAC ACC TCC CCC TGA ACC TGA AAC-3′
(RAF5) and P3. All the transgenic and gene-modified mice had
C57BL/6 background except for NOG mice. All animals were
maintained under specific pathogen-free (SPF) conditions and all
animal experiments were approved by the Institutional Animal
Care and Use Committee of Osaka University Graduate School
of Medicine (approval number 27-009-001). For phenotype
analysis of Rdh10-deficient T cells, sex-matched and littermate
mice raised in the same cage were used.

LM-OVA and Infection
LM-OVA (14) was kindly provided by Dr. H. Shen (University of
Pennsylvania, Philadelphia, PA, USA). LM-OVA was prepared
as described previously (14, 15) and injected into the tail vein.
Unless otherwise stated, mice were infected with 2 × 104 colony-
forming units (CFU) of LM-OVA on the day after
adoptive transfer.

Adoptive Transfer and Isolation of
Lymphocytes
For the adoptive transfer of naïve T cells, CD8+ T cells (OT-I
cells) were isolated from the spleen of naive Rdh10f/f Cd4Cre
Rag1-/- OT-I CD45.1+ CD45.2+ (Rdh10CKO) or Rdh10f/f Rag1-/-

OT-I CD45.1+ (control) mice using the Pan T Cell Isolation Kit
II (Miltenyi Biotec, Bergisch Gladbach, Germany). For the
adoptive transfer of memory T cells, CD45.1+ OT-I cells were
isolated from pooled cells of the spleen and lymph nodes from
several mice >30 days post-infection by magnetic selection using
biotin-conjugated anti-CD45.1 mAb and streptavidin beads. The
isolated cells were stained with anti-CD45.2-PE mAb and
Rdh10CKO (CD45.1+ CD45.2+) and control (CD45.1+)
memory OT-I cells were separately sorted by FACSAria. The
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isolated Rdh10CKO and control OT-I cells were mixed at a ratio
of 1:1 (0.5–1 × 104 each) and then transferred into sex-matched
C57BL/6J (CD45.2+) mice after the confirmation of the ratio by
flow cytometry.

Adoptive T-Cell Therapy Using Rdh10CKO
Memory T Cells
For assessment of anti-tumor activity of Rdh10CKO and control
memory OT-I cells that were generated in LM-OVA infection
model as described above, six-week-old B6 mice were irradiated
(3 Gy) and then subcutaneously injected on the left side of
abdomen with 2.0 × 106 OVA-expressing EL-4 (EG-7) cells,
immediately followed by i.v. injection with 1.5 × 105 memory
OT-I cells. In this experiment, we set a humane endpoint; mice
were sacrificed when tumor volume reached 15 mm in length.
For measurement of tumor volume, blinding was not performed
but there were two measurers to obtain accurate data.

Reagents, Antibodies, and Flow Cytometry
All recombinant interleukins (ILs) were purchased from
PeproTec (London, UK), except for human IL-2 (Shionogi,
Osaka, Japan). All retinoids (all-trans form), LE540, and
UVI3003 were purchased from Sigma-Aldrich (St. Louis, MO,
USA), Wako (Osaka, Japan), and Tocris Bioscience (Ellisville,
MO, USA), respectively. All antibodies used in this study are
listed in Supplementary Table 4. Cells were incubated with FcR
blocking Reagent (Miltenyi Biotec) and then stained with the
appropriate combinations of mAbs and fluorochrome-
conjugated streptavidin. For intracellular cytokine staining,
cells were incubated with or without SIINFEKL peptide (1 mM)
or PMA + ionomycin in the presence of brefeldin A for 4 h and
stained using the Cytofix/Cytoperm Kit (BD Bioscience, Franklin
Lakes, NJ, USA). Foxp3-positive cells and apoptotic cells were
detected using the BD Foxp3 Staining Kit (BD Bioscience) and
Apoptosis Detection Kit (BD Bioscience), respectively. For cell
surface-stained samples, 7-aminoactinomycin D (7AAD;
eBioscience) was added just before the flow cytometric analysis
to exclude dead cells. Flow cytometry was performed using
FACSAria. The data were analyzed using FlowJo software
(TreeStar, San Carlos, CA, USA).

Homing Assay
T cells were isolated from splenocytes of Rdh10f/f Cd4Cre and
Rdh10f/f mice and labeled with either CFSE or CellTrace Violet
(CTV). Both labeled cells were mixed at a ratio of 1:1 (4 × 106 per
each) and transferred into sex-matched 5–7-week-old B6 mice
after the actual ratio was determined by flow cytometry. Sixteen
hours later, the ratio of transferred cells from the spleen and
lymph nodes was determined by flow cytometry.

Culture of Human Cells and Assessment
of Their Functions
CD4+CD45RO+ T cells were freshly isolated from PBMCs of
healthy donors using the BD IMag Cell Separation System,
stimulated with plate-bound anti-CD3 and soluble anti-CD28
Frontiers in Immunology | www.frontiersin.org 39
mAbs, and cultured in the presence of IL-2 (20 IU/ml) and RA (1
mM), LE540 (10 mM), or dimethyl sulfoxide (DMSO). Seven days
later, the cells were harvested, washed twice, and cultured in an
IL-2-free medium overnight. On the next day, the cell
phenotypes and functions were evaluated, as described below.
To induce apoptosis, the cells were incubated with anti-Fas Ab
(100 ng/ml) for 4 h. To assess their proliferation and
reconstitution capacity in vitro, the cells were labeled with
CellTrace Violet (CTV; Thermo Fisher Scientific) and then
cultured in the presence of IL-7 (5 ng/ml) or anti-CD3/CD28
mAbs. For reconstitution in NOG mice, the cells (1 × 106) were
co-transferred with CD3+ cell-depleted autologous PBMCs (2 ×
106) isolated using CD3 Microbeads and the LD Column
(Miltenyi Biotec) into 5- to 7-week-old female mice. Four
weeks later, splenocytes were prepared from the mice and the
reconstituted T cells were evaluated by flow cytometry. For
assessment of T cell differentiation in RDH10-overexpressed
and -silenced T cells, CD4+CD45RO+ T cells infected with
lentivirus vector were purified by sorting and stimulated with
anti-CD3/CD28 mAbs in serum-free medium supplemented
with the indicated concentration of all-trans ROL and IL-2.
Jurkat cells were cultured in the presence of Retinoid (1 mM)
or DMSO for 4 days. In treated Jurkat cells, the expression of
CD62L was measured at the protein and mRNA levels by flow
cytometry and real-time PCR, respectively. All experiments were
performed in duplicate or triplicate.
Anti-Tumor Activity and Persistency of
Tumor Antigen-Specific Human T Cells in
NOG Mice
B10-T cells were stimulated with plate-bound anti-CD3 (2 mg/
ml) and soluble anti-CD28 (2 mg/ml) mAbs, and cultured in the
presence of IL-2 (40 IU/ml) and RA (1 mM), LE540 (10 mM), or
dimethyl sulfoxide (DMSO). Three days later, the cells were
harvested, washed twice, and further cultured for 4 days in 40
IU/ml of IL-2-supplemented medium. For assessment of anti-
tumor activity, NOG mice were subcutaneously injected with
HLA-A*24:02- and Luciferase gene-expressing K562 leukemia
cell line (K562-A24-Luc, 3 × 105 cells). After confirmation of
engraftment by In Vivo Imaging System IVIS (Xenogen,
Alameda, CA) on day 3, mice were irradiated (2 Gy) and
then transferred with LE540- or DMSO-treated B10-T cells (1
× 107 cells) and modified WT1235 peptide-pulsed CD3-depleted
autologous PBMCs (5 × 106 cells), followed by ip injection of
recombinant human IL-2 (500 IU) on day 4. Mice were
allocated into groups of equal average base line tumor burden
prior to treatments. Tumor volumes were evaluated with IVIS
imaging system. In some experiments, blood was collected from
tail vein at the same time as that of measurement of tumor
volumes and examined for frequency of the transferred GFP+

CD8+ T cells by using flow cytometry. Cell number of
transferred GFP+ CD8+ T cells in 1 × 106 living cells were
estimated with both frequency of transferred T cells (hCD45+

hCD3+ cells) and frequency of GFP+ hCD8+ cells in the
transferred T cells.
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Preparation and Transfection of the
Viral Vector
Human RDH10 (NM_172037.4) and mouse Rdh10
(NM_133832.3) cDNA were isolated from PBMCs and
splenocytes, respectively. The RARa open reading frame
(NP_000955) was sub-cloned from the original plasmid
(pFN21AE1591, Promega KK, Tokyo, Japan) into the pFC14K
plasmid (Promega). Lentivirus vectors encoding full-length
RARa, RARa D81-153 (RARa-dDBD), or RARa403 (RARa-
dAF2) (16) with a C-terminal Halo-tag were generated using the
In-Fusion Cloning Kit (TaKaRa Bio Inc, Shiga, Japan).
Lentiviruses were generated using CSII-EF-MCS-IRES2-Venus
(for overexpression), CS-RfA-EG (for shRNA expression),
pCAG-HIVgp, and pCMV-VSVG-RSV-Rev by a standard
method. Target sequences for shRNAs are listed in
Supplementary Table 5. Retroviruses were generated from the
plat-E packaging cell line by the transduction of MSCV-IRES-
GFP encoding Rdh10 or from plat-gp packaging cell line by the
transduction of MSCV-IRES-GFP encoding B10-TCR and
pCMV-VSVG-RSV-Rev. For transfection with the lentivirus,
CD4+ CD45RO+ T cells were stimulated for 3 days as
described above and then spin-infected in the presence of
polybrene on a RetroNectin-coated plate. Three days later, the
cells were maintained in IL-2-free medium overnight, analyzed
for their surface phenotype by flow cytometry, and then
transfected cells (Venus+ cells) were sorted for various
experiments, as described above. Lentivirus-transfected Jurkat
cells were also generated by a spin-infection method, purified by
sorting Venus+ or GFP+ cells, and then used for experiments. For
a generation of B10-T cells, T cells were activated with anti-CD3/
CD28 mAbs in the presence of IL-2 for 2-3 days and then spin-
infected with B10-TCR-encoding retrovirus as described above.
Six hours later, retrovirus infection was repeated. B10-T cells
were further cultured for 5-4 days and then treated with RAR
agonist/antagonist as described above.

High-Performance Liquid Chromatography
(HPLC)
Naïve and activated T cells (0.5–1.0 × 107 cells) were plated in 3
ml of complete medium supplemented with IL-2 (20 IU/ml) and
incubated with 1 ml of 3H-labeled ROL (PerkinElmer, Boston,
MA, USA) for 4 h. Cells were harvested and washed three times
with PBS and intracellular retinoids were extracted as described
previously (17). The extracted retinoids and non-labeled
standard all-trans ROL, RAL, and RA were mixed and then
fractionated using the HPLC system (Shimadzu, Kyoto, Japan).
Separation was performed using the Synergi 4 mm Hydro-RP
80A Column (Phenomenex, Torrance, CA, USA) and an
isocratic elution by the solvent composed of 75% acetonitrile
and 25% 50 mM ammonium acetate (pH 7) at a flow rate of 1.5
ml/min. Retinoid standards were detected by measuring
ultraviolet absorption at 350 nm.

To evaluate the relationship between CD62L expression and
plasma ROL, heparinized blood collected from 6- to 7-week-old
female mice was used to measure CD62L expression and the
concentration of plasma ROL, as described previously (18). To
Frontiers in Immunology | www.frontiersin.org 410
investigate the effect of a high vitamin A (HVA) diet on CD62L
expression, all 6- to 7-week-old female mice were fed an
AIN93G-based control (vitamin A, 4 IU/g) diet for 1 week
prior to feeding AIN93G-based HVA (250 IU/g). These diets
were purchased from Clea Japan, Inc. Extracted retinoids were
dissolved in acetonitrile and then analyzed by HPLC as described
above. To determine the concentration of ROL, a standard curve
was obtained using serial dilutions of all-trans ROL.

Chromatin Immunoprecipitation (ChIP)
Assay
ChIP assays were performed using a SimpleChIP Plus Enzymatic
Chromatin IP Kit (Cell Signaling Technology, Danvers, MA,
USA) according to the manufacturer’s instructions.

Quantitative Real-Time PCR
mRNAs were extracted using TRIzol reagent (Thermo Scientific)
and reverse-transcribed into cDNA using SuperScript VILO
(Thermo Scientific). Quantitative real-time PCR was performed
using Power SYBRGreenMaster Mix (Thermo Scientific) following
a standard protocol. Primers are listed in Supplementary Table 6.
Data were analyzed by a comparative quantification method.

ChIP-Seq Analysis
A ChIP-seq and bio-informatics analysis were performed by the
TaKaRa Bio Dragon Genomics Center (Yokkaichi, Mie, Japan)
using the Illumina HiSeq2500 system. Data quality was checked
using FastQC software and all data were found to be of good
quality. Reads were aligned to the hg19 human genome using
bowtie2 version 2.2.5. Duplicate reads were removed before peak
calling using MACS version 1.4.2. Peaks were assigned to
genomic regions using BEDTools. According to RefSeq, genes
located within 10 kb upstream or downstream of peaks were
identified and extracted.

Statistical Analysis
Data were analyzed using Prism 6, 8, or 9. Normally and non-
normally distributed data were analyzed by parametric (unpaired
t-test) and nonparametric (Mann–Whitney test and Wilcoxon
test) tests, respectively. For multiple comparisons, ANOVA with
post-hoc Dunnett’s test was used. In the case that the objective
cell number was less than 10, the samples were excluded from
statistical analysis due to unreliable data (Figure 3F left and
Supplementary Figure 5D).
RESULTS

Vitamin A Metabolism Promotes Human
T Cell Differentiation
Wilms’ tumor gene 1 (WT1) -specific CD4+ T cell clone
differentiated during culture into four subsets, CD62L+CD127+

(P1), CD62L-CD127+ (P2), CD62L+CD127- (P3), and CD62L-

CD127- (P4) cells, which were considered as central memory
(TCM), effector memory, effector, and terminal effector T (TEFF)
cells, respectively, according to cytokine production,
June 2022 | Volume 13 | Article 935465
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proliferation and self-renewal capacity, and pluripotency
(Supplementary Figures 1A–D). Differential gene expression
among P1, P2, and P4 was examined using a microarray
approach, followed by quantitative PCR. RDH10 expression
increased as a function of the differentiation stage
(Supplementary Table 1 and Supplementary Figure 1E). This
was also observed in freshly isolated CD4+ and CD8+ T cell
subsets (Supplementary Figure 1F). Furthermore, RDH10
mRNA expression levels in CD4+ and CD8+ T cells increased
sharply and then decreased following T cell receptor (TCR)
stimulation (Supplementary Figure 1G). RDH10 catalyzes the
oxidation of ROL to RAL, which is the rate-limiting step in RA
biosynthesis (19, 20). To investigate whether human T cells
themselves can metabolize vitamin A via RDH10, RDH10-
knocked down and -overexpressed CD4+ T cells were
generated and examined for RAL and RA production from
tritium (3H) -labeled ROL. Knockdown (Figures 1A, B) and
overexpression (Figures 1C, D) of RDH10 decreased and
increased the production of the RAL metabolite from ROL,
respectively. Importantly, RA, the most active form of vitamin
A, was not detected in the activated T cells (Figures 1B, D).

Next, to examine the effect of vitamin A metabolism on T cell
differentiation, RDH10-knocked down and -overexpressed CD4+
Frontiers in Immunology | www.frontiersin.org 511
T cells were activated with TCR stimulation and cultured in
serum-free medium supplemented with IL-2 and various
concentrations of ROL. Seven days later, the cell expansion
and phenotypes (CD62L expression and cytokine production
capacity) were analyzed. When RDH10 was knocked down, both
T cell expansion and IFN-g-positive T cells decreased, while both
IL-2-single positive T cells and CD62L-positive memory
phenotype T cells increased, suggesting the blockage of T cell
differentiation to terminal stages (Figure 1E). In contrast, the
overexpression of RDH10 resulted in increases in both T cell
expansion and IFN-g-positive T cells, but a decrease in CD62L-
positive memory phenotype T cells, suggesting the promoted T
cell differentiation (Figure 1F). The blockage and promotion of
T cell differentiation were dependent on the concentration of
ROL in serum-free medium without contamination of vitamin
A. These results indicate that human T cells themselves
metabolize vitamin A, the metabolites of which regulate T cell
differentiation, via RDH10.

Rdh10 and Vitamin A Regulate CD62L
Expression In Vivo
To examine the roles of Rdh10 in T cell differentiation, T cell-
specific Rdh10 conditional knockout (Rdh10CKO) mice were
B C D

E

F

A

FIGURE 1 | RDH10 metabolizes vitamin A and regulates T cell differentiation. RDH10 in human CD4+ T cells was lentivirally knocked down (A, B, E) or overexpressed
(C, D, F). (A, C) RDH10 mRNA expression level. (B, D) shRDH10- (B) or RDH10 (D)-transduced T cells were cultured in the presence of [3H]-all-trans ROL for 4 h.
Then, cell extracts were fractionated by HPLC and the radioactivity of each fraction was measured. Arrowhead, arrow, and inverted triangle indicate the peak fraction of
standard all-trans ROL, RAL, and RA, respectively. Representative results from two independent experiments are shown. (E, F) shRDH10- (E) or RDH10 (F) -transduced
T cells were cultured in the presence of anti-CD3/28 mAbs, IL-2, and all-trans ROL (or DMSO) for 7 days, and then the cell number, cytokine-producing capacity in
response to PMA/Ionomycin, and expression level of CD62L were measured. Data from three (cell number and cytokine-producing capacity) or five (CD62L expression)
independent experiments were analyzed by unpaired t-tests. Error bars show s.e.m. *p < 0.05; **p < 0.01; ****p < 0.0001.
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established (Supplementary Figure 2A). A deficiency of Rdh10
was confirmed by PCR and the loss of RAL production from
ROL in T cells (Supplementary Figures 2B, C). Rdh10-deficient
thymocytes exhibited CD4, CD8, CD24, and TCR-b expression
levels comparable to those of control mice (Supplementary
Figure 3A). In addition, the frequencies of Foxp3+ regulatory
and a4b7 integrin-expressing T cells, which are induced by RA
(10, 11, 17), were not different between Rdh10-deficient and
control mice (Supplementary Figures 3B, C). CD4+ and CD8+ T
cells in lymphoid organs expressed CD62L at higher levels in
Rdh10-deficient mice than in control mice (Figures 2A–C).
Enhanced CD62L expression was observed at as early as the
double-positive stage when the expression of Cre recombinase
was initiated during T cell development in the thymus
(Figure 2D). It is well known that CD62L expression is
enhanced in non-activated T cells. However, no difference in
the expression of CD44, an activation marker of T cells, between
Rdh10-deficient and control mice (Supplementary Figure 3D)
suggested that the enhanced CD62L expression was not due to
the change in T cell activation, but was caused by altered vitamin
A metabolism. This was consistent with the observation that an
Rdh10 deficiency also enhanced CD62L expression in OT-II cells
Frontiers in Immunology | www.frontiersin.org 612
(21) that are unresponsive to environmental and self-derived
antigens in a Rag1-/- background (Figure 2E).

Next, the functional effect of enhanced CD62L expression on
T cell homing in vivo was examined. The mixtures of Rdh10-
deficient and control T cells in the ratio of 1:1 were intravenously
injected into B6 mice, and the ratio was investigated in secondary
lymphoid organs 16 h later. Consistent with the enhanced
expression of CD62L, which was a receptor for T cell
migration into lymph nodes, the ratio of Rdh10-deficient T
cells to control T cells significantly increased in the lymph
nodes (Figure 2F). These results demonstrated that the ability
of Rdh10-deficient T cells to migrate into lymph nodes was
potentiated compared to that of control T cells. Thus, these
results indicate that Rdh10 regulates the homing capacity of T
cells to lymph nodes by the regulation of CD62L expression.

ROL down-regulated CD62L expression in both dose- and
Rdh10-dependent manners even in OT-I cells (mouse CD8+ T
cells) (Supplementary Figure 4A). Furthermore, RAL and RA,
which are ROL metabolites downstream of Rdh10, decreased
CD62L expression in OT-I cells independently of Rdh10
(Supplementary Figure 4B). These results show that ROL
metabolism regulates CD62L expression, suggesting that ROL
B

C D E

F

G

H I

A

FIGURE 2 | Vitamin A metabolism mediated by Rdh10 physiologically regulates CD62L expression in T cells. (A–C) CD62L expression in CD4+ and CD8+ T cells
isolated from the lymph node (LN) (A, B), spleen, and mesenteric lymph node (MLN) (C) of 6- to 8-week-old mice. Data represent n = 7 littermate control and n = 9
Cd4Cre mice. (D) CD62L expression in CD4- CD8- double-negative (DN), CD4+ CD8+ double-positive (DP), CD4 single-positive (SP), and CD8 SP thymocytes of 5-
week-old mice. Data represent n = 8 littermate control and n = 10 Cd4Cre mice. (E) CD62L expression in OT-II cells isolated from the LN, MLN, and spleen (SP) of 6-
to 8-week-old mice. Data represent n = 2 littermate control and n = 4 Cd4Cre mice. (F) T cells purified from splenocytes of littermate control and Cd4Cre mice were
labeled with either CFSE or CTV, mixed at a ratio of 1:1 and injected into B6 mice (8 × 106 cells per mouse). Donor cells were analyzed in the spleen, LN, and MLN 16
h later. Each symbol indicates one host mouse (n = 10). Data from two independent experiments are shown. (G–I) B6 mice were fed a high vitamin A (HVA) or control
diet for 1 week. Peripheral blood was collected pre- (G) and post-feeding (H, I), and CD62L expression levels in T cells and the plasma retinol concentration were
measured. Data represent CD62L expression levels pre-feeding (n = 23) (G) and in control diet-fed (n = 8) and HVA diet-fed (n = 9) mice (H, I). Data were analyzed by
unpaired t-tests (B–F, I), Pearson’s correlation coefficients (G), or Mann–Whitney tests (H). Error bars show s.e.m. *p < 0.05; **p < 0.01; ***p < 0.001.
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concentration in blood closely links to CD62L expression level
on T cells. Indeed, an inverse correlation was observed between
plasma ROL concentration and CD62L expression in T cells in
wild-type mice (Figure 2G). These results indicated that food-
derived vitamin A can regulate CD62L expression level in T cells.
To confirm them, female B6 mice were fed with control diet (4
IU/g) for one week and then with either a high-vitamin A (HVA)
(vitamin A, 250 IU/g) or control diet for the next 1 week. As
expected, HVA diet reduced CD62L expression in both CD8+

and CD4+ T cells, with a concomitant increase in ROL
concentration in plasma (Figures 2H, I). Taken together, these
results demonstrate that vitamin A (ROL) and its metabolites are
physiologically involved in the regulation of CD62L expression
in T cells.

Rdh10 Deficiency Promotes Memory T
Cell Differentiation
The immune response of Rdh10-deficient CD8+ T cells was
investigated in an ovalbumin-expressing Listeria monocytogenes
(LM-OVA) infection model (14, 22). B6 recipient mice
(CD45.2+) were transferred with a 1:1 mixture of naïve
Rdh10CKO (CD45.1+CD45.2+) and control (CD45.1+CD45.2-)
OT-I cells, followed by LM-OVA infection. This experimental
model made it possible to discriminate the differentiation of
Rdh10CKO (CD45.1+CD45.2+) OT-I cells from that of controls
under the same environmental conditions. Upon LM-OVA
infection, the proportions of Rdh10CKO OT-I cells were lower
at both the effector phase on day 7 and the early contraction
phase on day 10 than those of control OT-I cells (Figures 3A, B).
IFN-g production was lower in Rdh10CKO OT-I cells than in
control OT-I cells on day 7 (Supplementary Figure 5A).
Fu r t h e rmor e , s ho r t - l i v ed e ff e c t o r c e l l s ( SLECs :
CD127loKLRG1hi) (23), which are destined to die at the
contraction phase, existed at a low frequency in Rdh10CKO
OT-I cells on day 10, whereas memory-precursor effector cells
(MPECs: CD127hiKLRG1lo) (23) that would differentiate into
long-lived memory T cells were at a high frequency in the OT-I
cells (Supplementary Figures 5B, C). Consequently, the
proportion of Rdh10CKO OT-I cells dramatically increased in
the memory phase on days 36 and 86, and the proportion of
Rdh10CKO OT-I cells became dominant compared to that of
control OT-I cells (Figures 3A–C). Similar kinetics were also
observed in the number of transferred OT-I cells (Figure 3D).
These results indicated that an Rdh10 deficiency in OT-I cells
induced differentiation toward memory T cells.

Next, Rdh10CKO OT-I cells in the memory phase were
characterized in more detail. Rdh10CKO OT-I cells expressed
CD62L at higher levels and contained TCM (CD62L+CD127+)
cells at a higher frequency in both the spleen (Figures 3E, F) and
lymph nodes (Supplementary Figures 5D, E), compared to
control OT-I cells. The TCM marker CD127, but not the TEFF

marker KLRG1, was also expressed at higher levels in
Rdh10CKO OT-I ce l l s than in control OT-I ce l l s
(Supplementary Figures 5F, G). To confirm that Rdh10CKO
OT-I cells were potential memory T cells, the recall responses of
these memory T cells were examined after LM-OVA re-challenge
Frontiers in Immunology | www.frontiersin.org 713
because a strong recall response is a hallmark of TCM. A large
number of Rdh10CKO OT-I cells were observed in the spleen
and liver on day 5 after re-challenge (Figure 3G). Importantly,
these Rdh10CKO OT-I cells were resistant to the attenuation of
TCM generation induced by repetitive antigen exposure (24) with
a higher frequency and a greater absolute TCM count, compared
to control OT-I cells (Figures 3H, I). Thus, these results indicate
that Rdh10 deficiency not only enhances memory T cell
generation, but also improves the potential for the memory T
cells to rapidly expand after re-challenge and to re-generate the
TCM pool. The properties of Rdh10-deficient memory T cells
suggest Rdh10 as a potential target to improve an effect of cancer
immunotherapy because TCM has been shown to have a great
anti-tumor activity (25). To confirm this concept, Rdh10-
deficient memory OT-I cells were investigated for anti-tumor
activity against OVA-expressing EL-4 tumor cell line (EG-7) in
an adoptive T cell therapy model. As expected, Rdh10-deficient
memory OT-I cells suppressed the tumor growth greater than
control memory OT-I cells, resulting in prolonged survival
(Figures 3J, K).

In Rdh10 (+/-)-lacZ knock-in reporter mice (Supplementary
Figure 2A), Rdh10 expression was transiently enhanced in OT-I
cells after LM-OVA infection (Supplementary Figure 6A),
which was consistent with the transient production of RAL in
activated T cells (Supplementary Figures 6B–D). These findings
raised the possibility that RAL produced by Rdh10 in the effector
phase could promote the differentiation of T cells into effector T
cells. Therefore, the recall response was compared between
Rdh10hi and Rdh10lo T cells isolated from Rdh10-lacZ knock-
in reporter mice in the effector phase (Supplementary
Figure 7A). Rdh10lo T cells showed a greater recall response
than Rdh10hi T cells (Supplementary Figures 7B, C), indicating
that low Rdh10 expression in the effector phase strengthened the
recall response as a result of the increase in TCM cells. This was
also confirmed by the lower proliferative capacity and lower TCM

generation in the recall response in Rdh10-overexpressing T cells
(Supplementary Figures 7D, E). Thus, these results demonstrate
that Rdh10 regulates T cell differentiation in the effector phase
via RAL.

RA Receptor Signaling Regulates Human
T Cell Differentiation
Not only RA but also RAL binds to retinoic acid receptor (RAR)
and the ligand-RAR complex regulates the expression of
various genes (26). To examine the effect of RAR signaling
downstream of RDH10 on human T cell differentiation,
CD45RO+CD4+ T cells were stimulated with anti-CD3 and
-CD28 mAbs in the presence of RA or LE540 (an RAR
antagonist) (27), and the expression levels of T cell
differentiation markers (CD62L, CD127, CCR7, and CD27)
(28–30) were examined after 8 days (Figures 4A, B, and
Supplementary Figure 8A). RAR signaling promoted by RA
decreased TCM phenotype T cells, such as CD62L+CD127+ and
CD62L+CD27+ T cells, whereas the blockage of RAR signaling
by LE540 decreased TEFF phenotype T cells, such as CD62L-

CD127-, CD62L-CCR7-, and CD62L-CD27- T cells. These
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results show that the up- and down-regulation of RAR signaling
respectively suppress and promote the expression of CD62L
indicating that RAR signaling is a key pathway for the
regulation of CD62L expression.

Next, it was examined whether these RA- and LE540-treated
T cells (named as TRA and TLE cells, respectively) exhibited the
functional characteristics of TEFF and TCM, respectively.
DMSO-treated T cells (TDM) were used as a control. It is
generally known that TEFF is lower in resistance to apoptosis,
proliferative capacity, TCM production after cell division, and in
vivo expansion capacity, compared to TCM. Consistent with
these findings, TRA cells showed high frequencies of apoptosis
regardless of the presence or absence of anti-Fas mAb
(Figure 4C), and showed decreases in both the proliferative
capacity (Figure 4D and Supplementary Figure 8B) and the
Frontiers in Immunology | www.frontiersin.org 814
frequency of TCM (CD62L+CD127+) under two different
stimulatory conditions (Figure 4E and Supplementary
Figure 8C). Furthermore, the number of the transferred TRA

cells in NOG mice was lower compared to that of TDM cells 4
weeks after T cell transfer (Figure 4F). On the other hand, the
down-regulation of RAR signaling induced by LE540 had the
opposite effect on T cells. Thus, these results demonstrate that
RAR signaling promotes T cell differentiation into TEFF. It
should be noted that the effect of RA on T cell differentiation
required TCR signaling (Supplementary Figure 8D), and that
UVI3003 (31), an antagonist of retinoid X receptor (RXR)
whose heterodimer with RAR acts as a transcription factor
(32, 33) could not induce TCM (Supplementary Figure 8E). In
addition, RAL down-regulated CD62L expression and
decreased TCM generation although these functions of RAL
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FIGURE 3 | Rdh10 deficiency enhances the generation of central memory T cells. (A–F) OT-I cells were isolated from Rdh10CKO (CD45.1+CD45.2+) and control
(CD45.1+) mice, mixed at a ratio of 1:1, and then intravenously transferred into the B6 host (CD45.2+). On the next day, the mice were intravenously infected with
LM-OVA. (A) Representative dot plots showing the frequency of transferred OT-I cells in the spleen on the indicated days post-infection (pi). (B, C) Frequencies of
the indicated OT-I cells among total transferred OT-I cells from the spleen (B) and lymph nodes (C, 86 days pi). (D) Kinetics of OT-I cell number in the spleen.
Symbols show median values. Data represent n = 5 (day 0), n = 8 (day 5, 7, 10, and 14), and n = 12 (day 36 and 86) mice from two independent experiments (B–
D). (E, F) Frequency of CD62L+CD127+ TCM (left) and the level of CD62L expression (right) in OT-I cells from the spleen in the memory phase (>30 days pi).
Representative dot plots and histogram (E). Data represent n = 10 (left) or n = 12 (right) control OT-I cells and n = 12 Rdh10CKO OT-I cells (F). (G) Memory OT-I
cells were transferred into B6 mice, and OT-I cells were counted in the spleen and liver on day 5 after LM-OVA re-challenge (1 × 106 CFU/mouse). (H, I) Serial
transfer of primary (1st) memory OT-I cells and LM-OVA infection were performed. The resultant secondary (2nd) and tertiary (3rd) memory OT-I cells were obtained
from the spleen and were measured for the frequency (H) and absolute number (I) of TCM. Data represent n = 12 (1st and 2nd) and n = 6 (3rd) mice from two
independent experiments. (J, K) Rdh10CKO or control memory OT-I cells were intravenously transferred immediately after subcutaneous inoculation of EG-7 tumor
cells into 3 Gy-irradiated B6 mice. Tumor volumes (J) and survival rates (K) were evaluated. Data represent n = 3 (non-treatment control and control OT-I) and n = 6
(Rdh10CKO OT-I). Data were analyzed by unpaired t-tests (B, C, H, J), Mann–Whitney test (D, F-left and G), Wilcoxon test (F-right and I), or Log-rank test (K). Error
bars show s.e.m. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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were weaker than those of RA (Supplementary Figure 8F).
Importantly, even in human CD8+ T cells, RAR signaling
promoted TEFF differentiation as evidenced by low expression of
CD62L and weak proliferative capacity in response to IL-7- or TCR-
stimulation in RA-treated CD8+ T cells (Supplementary Figure 9).

Blocking of RAR Signaling Confers a
Strong Anti-Tumor Activity on T Cells
Anti-tumor activity of TLE cells was examined by using an
adoptive T cell therapy model. T cells were transduced with
B10-TCR (34, 35) which recognized a WT1-derived CTL
epitope, WT1235 in an HLA-A*24:02-restricted manner, and
the T cells were treated with DMSO or LE540. The LE540-
treated B10-TCR-transduced T cells (B10-TLE cells) expressed
more highly memory or undifferentiated T cell markers such as
CD62L, CCR7, and CD45RA, compared to B10-TDM cells
(Supplementary Figure 10). B10-TDM cells or B10-TLE cells
were intravenously transferred into K562-A24-luc tumor-
bearing NOG mice. In addition, autologous WT1235-pulsed,
CD3+ T cell-depleted PBMCs were co-transferred as antigen-
presenting cells into the NOG mouse (Figure 5A). B10-TLE cells
began to suppress tumor growth at day 11 (7 days after T cell
transfer) and let the tumor decrease on day 28 (24 days after T
Frontiers in Immunology | www.frontiersin.org 915
cell transfer) whereas statistically significant anti-tumor effect of
B10-TDM cells was not observed (Figures 5B–D). Importantly,
B10-TCR+ (GFP+) CD8+ T cells in B10-TLE cells reached a peak
on day 18 and were maintained whereas those in B10-TDM cells
once reached a peak on day 18 but then remarkably decreased
(Figure 5E). Persistence of tumor-specific CD8+ T cells has been
shown to be a major factor for eliciting an anti-tumor response in
adoptive T-cell therapy (36, 37). Therefore, the strong anti-
tumor responses of B10-TLE cells likely resulted from the
persistence of GFP+ CD8+ T cells. Thus, these results show
that blocking RAR signaling by LE540 confers a potent anti-
tumor activity through the increase in memory CD8+ T cells that
play a central role in anti-tumor immunity.

Epigenetic Regulation of CD62L
Expression by RAR Signaling
CD62L expression in memory T cells is critical for the
elimination of tumor cells (25, 38) and viral infection (39), and
the results described above clearly demonstrate that vitamin A
metabolism and RAR signaling regulate CD62L expression.
Therefore, the mechanism underlying the regulation of CD62L
expression was investigated. Enforced expression of RARa
decreased CD62L expression at both the protein and mRNA
B
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FIGURE 4 | Regulation of T cell differentiation by RAR signaling. Human CD4+ CD45RO+ T cells were stimulated with anti-CD3/CD28 mAbs in the presence of
DMSO, RA (1 mM), or LE540 (10 mM). Seven days later, the T cells were rested in IL-2-free medium overnight and then used for subsequent experiments. (A, B)
Surface phenotypes of TDM, TRA, and TLE cells. Each symbol indicates the results (n = 11) obtained from six independent experiments. (C) Frequency of apoptotic
cells for TDM, TRA, and TLE cells after 4 h of incubation with or without anti-Fas Ab (n = 3). (D, E) TDM, TRA, and TLE cells were labeled with CTV and stimulated with
the indicated agents. (D) Analysis of cell proliferation using CTV dilution after 4 days of stimulation. (E) The T cells were harvested after 5 days of the stimulation,
rested in a cytokine-free medium overnight, and analyzed for their surface phenotypes. Representative data from three independent experiments are shown (C-E).
(F) TDM, TRA, and TLE cells were co-transferred with CD3+ T cell-depleted autologous PBMCs into NOG mice. Four weeks later, a flow cytometric analysis was
performed to evaluate transferred cells in the spleen. Representative dot plots (Left) and normalized fold increases in the cell number (Right) are shown. The
normalized fold increase was calculated by dividing each value by a median value of the corresponding control (i.e., TDM) group. Data from three independent
experiments are shown. Each symbol indicates results from a single mouse (n = 10). Data were analyzed by Mann–Whitney tests (A, F) or unpaired t-tests (C). Error
bars show s.e.m. *p < 0.05; **p < 0.01; ***p < 0.001; ****p<0.0001.
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levels in Jurkat cells in the presence of RAL or RA (Figures 6A,
B), indicating that shedding of CD62L from the cell surface (40)
was not the cause of the down-regulation of surface CD62L
expression. KLF2, a key transcription factor that induces CD62L
expression (40–42), increased regardless of the decrease in
CD62L expression by RA treatment (Figure 6C), suggesting
the existence of a novel regulatory mechanism of CD62L
expression. RARa directly binds to DNA, recruits co-
repressors, and suppresses the transcription of target genes.
Both the DNA-binding domain (DBD) and activation function
2 (AF2) domain are critical for regulating target gene
transcription (16, 43). Neither DBD- nor AF2 domain-
deficient RARa proteins down-regulated CD62L expression,
regardless of the presence of RA (Figure 6D). Furthermore,
two co-repressor proteins, i.e., nuclear receptor co-repressor
(NCoR) (44) and silencing mediator for retinoid/thyroid
hormone receptor (SMRT) (45), were needed for RAR
signaling-dependent CD62L repression, as evidenced by
significant restoration of CD62L expression after the
knockdown of both co-repressors (Figure 6E). Since these co-
repressors recruit histone deacetylases (HDACs) and confer a
deacetylated status on histones, the role of histone deacetylation
Frontiers in Immunology | www.frontiersin.org 1016
at the CD62L locus in the downregulation of CD62L expression
was investigated. RA treatment decreased histone acetylation
(H3K9/14ac) at the CD62L promoter region (Figures 6F, G and
Supplementary Figure 11). On the other hand, LE540-treatment
increased H3K9/14ac (Supplementary Figure 11). Furthermore,
Trichostatin A (TSA), an HDAC inhibitor, could abrogate the
RA-induced CD62L downregulation (Figure 6H). Thus, these
results demonstrate that RAR signaling induced by RAL or RA
represses CD62L expression via the deacetylation of H3K9/14 at
the CD62L promoter region.

RA Signaling Induces Comprehensive
Epigenetic Repression of Memory T Cell-
Associated Genes
In addition to the down-regulation of CD62L, RA signaling also
induced various effector T cell properties, as described in
Figure 4, suggesting that the epigenetic regulation of multiple
genes was associated with T cell differentiation. To examine
broad-scale epigenetic regulatory effects, a ChIP-seq analysis was
performed for TDM, TRA, and TLE cells with antibodies specific
for H3K9/14ac and H3K27me3, which are markers for “opened”
and “closed” chromatin structures, respectively (46, 47). The
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FIGURE 5 | RAR signal blockade confers a strong anti-tumor activity on human T cells. (A) Experimental schematic. B10-TDM or B10-TLE cells were intravenously
co-transferred with WT1 peptide-pulsed autologous CD3+ cell-depleted PBMCs into K562-A24-luc tumor-bearing NOG mice. Control mice were treated in the same
procedure without T-cell transfer. (B) Kinetics of tumor growth. Significant differences were observed in the three groups on days 11 and 29 after tumor inoculation,
as marked with asterisk (*). Symbols show median with interquartile range. (C) Tumor volume on day 11 after tumor inoculation (control, n = 11; B10-TDM and B10-
TLE, n = 17). (D) Tumor volume on day 29 after tumor inoculation (control and B10-TLE, n = 5; B10-TDM, n = 6). (E) Kinetics of persistence of GFP+ CD8+ T cells.
GFP+ CD8+ T cells in B10-TDM significantly decreased from a peak (day 18), whereas those in B10-TLE persisted. Symbols show median (with interquartile range) of
estimated number of cells (each group, n = 6). The estimated number of cells were calculated from frequencies of GFP+ CD8+ cells in blood. Data from six (B, C) or
two (D, E) independent experiments were analyzed by Mann-Whitney test (C, D) or paired t-test (E; day 18 vs. day 25, 29, and 35). *p < 0.05; **p < 0.01. n.s., not
significant.
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number of H3K9/14ac-enriched regions was lower in TRA cells
(1400 peak calls) than in TDM (2298 peak calls) and TLE cells
(2590 peak calls) (Figure 7A). The number of H3K27me3-
enriched regions was comparable among TDM, TRA, and TLE

cells, but was slightly lower in TLE cells than in the other two
types of cells. Analysis using the Cis-regulatory Element
Annotation System (CEAS) (48) demonstrated that the
proportion of the regions occupied by H3K9/14ac in both the
regulatory regions (promoter and downstream) and gene bodies
(UTRs, coding exons, and introns) was lower in TRA cells than
the other two types of cells (Figure 7B, upper panel). In contrast,
the proportion of the regions occupied by H3K27me3 in these
regions, especially in promoter regions was lower in TLE cells
than the other two types of cells (Figure 7B, lower panel). These
results revealed that TRA and TLE cells had the “closed” and
“opened” chromatin states, respectively, for gene expression.

Next, to investigate whether these chromatin states define T
cell differentiation, the genes located within 10 kilobases (kb)
upstream and downstream of the regions occupied by H3K9/
14ac or H3K27me3 were focused. The majority of occupied
genes, especially of H3K9/14ac-occupied genes, were different
and unique among TDM, TRA, and TLE cells (Figure 7C and
Supplementary Figure 12A). A Metascape analysis (49) of the
uniquely occupied genes showed that the cluster of TLE cells was
distinct from that of TRA cells, but similar to that of TDM cells
(Figure 7D). TLE cells had, in the uniquely H3K9/14ac-occupied
genes, more highly enriched GO terms, including “cellular
protein catabolic process”, “protein ubiquitination involved in
ubiquitin-dependent protein catabolic process” , and
“mitochondrion organization”, which were likely to be
Frontiers in Immunology | www.frontiersin.org 1117
associated with memory T cells based on the requirement for
autophagy (50) and mitochondrial oxidative phosphorylation
(51) for memory T cell differentiation, compared to TDM cells
(Figure 7D). Furthermore, an enrichment analysis using
Reactome Gene Sets that TLE cells had highly enriched
memory-associated genes related to “fatty acid, triacylglycerol,
and ketone body metabolism”, “mitochondrial protein import”,
and “TCA cycle and respiratory electron transport” (Figure 7E).
Surprisingly, the majority of GO terms for the H3K27me3-
occupied genes enriched in TRA and TDM cells were not related
to T cell biology, but rather related to the development and
differentiation of organs and tissues, such as the heart, eyes, and
neurons (Supplementary Figure 12B). To clarify epigenetic
changes among TDM, TRA (more differentiated), and TLE cells
(less differentiated), the genes with two histone modifications
were extracted by a comparison of differentiated T cells with less
differentiated T cells (TDM vs TLE cells, TRA vs TDM cells, and TRA

vs TLE cells), and categorized into “Opened” and “Closed” genes
(Supplementary Tables 2 and 3). This approach also revealed
that the most differentiated TRA cells had the pronounced closed
chromatin state, compared to TDM and TLE cells (Figure 7F).
Notably, in the comparison of TLE with TRA cells, TRA cells had
the closed chromatin state in the regions of memory T cell-
associated genes, including TCF7, BCL2, KIT, DUSP4, CABLES1,
and SMAD4 (52–55) (Figure 7G and Supplementary Table 3). It
is well known that TCF7 is a key transcription factor for the
maintenance of T cell stemness in CD8+ T cells (56, 57) and the
generation of memory T cells. Consistent with this, H3K27me3
at the TCF7 locus more increased in RA-treated CD8+ T cells
compared to LE540- or DMSO-treated CD8+ T cells
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FIGURE 6 | RAR signaling-induced CD62L repression is mediated by epigenetic modifications. (A–D) Jurkat cells transduced with the empty vector (Mock), full-
length (RARa), DBD-deficient (RARa-dDBD), or AF2-deficient RARa (RARa-dAF2) were cultured for 3–4 days in the presence of RAL (1 mM), RA (1 mM), or DMSO
and the expression levels of CD62L protein (A, D), CD62L mRNA (B), and KLF2 mRNA (C) were measured. (A, D) Representative histograms are shown. (B, C)
Representative CD62L and KLF2 mRNA levels in RARa-overexpressing Jurkat cells after the indicated treatments. Representative data from two independent
experiments are shown (A-D). (E) RARa-overexpressing Jurkat cells transduced with the indicated shRNAs were cultured for 4 days in the presence of RA (1 mM) or
DMSO, and CD62L protein levels were measured. Data show the fold change of CD62L expression (MFIs of CD62L in RA-treated cells/those in DMSO-treated cells)
in three independent experiments. (F) CD62L locus and positions of amplicons for the ChIP assay. (G) ChIP assay results from RARa-overexpressed Jurkat cells
treated with DMSO or RA for 4 days. Data were obtained from two (DMSO) or three (RA) independent experiments. (H) CD62L expression (fold change) on RARa-
overexpressing Jurkat cells cultured under the indicated conditions (RA, 1 mM; TSA, 50 nM) for 4 days. Data were obtained from three independent experiments.
Data were analyzed by unpaired t-tests. Error bars show s.e.m. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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(Figure 7H). Thus, RA signaling comprehensively induces
repressive chromatin states and deletes the memory T cell profile.
DISCUSSION

Although it was well known that RAR signaling was required for
eliciting effector function in both CD4+ and CD8+ T cells (12, 13,
58, 59), vitamin A metabolism in T cells and its role for T cell
differentiation were unclear. In this study, we revealed that T
cells intrinsically metabolized vitamin A to RAL by RDH10 and
that this metabolism promoted T cell differentiation into
Frontiers in Immunology | www.frontiersin.org 1218
terminal effector T cells. Interestingly, although RDH10 is a
rate-limiting enzyme for RA production, T cells could not
produce RA, which is a more potent RAR signal activator than
RAL. This unique vitamin A metabolism suggests the existence
of interesting and important kinetics of T cell differentiation. If T
cells can produce RA upon activation, they will rapidly
differentiate into terminal TEFF cells and disappear by
apoptosis, resulting in the discontinuation of the immune
response. On the other hand, RAL not completely but
appropriately induces T cell differentiation into TEFF cells to
keep TCM cells with the avoidance of the complete T cell terminal
differentiation, resulting in the continuation of the immune
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FIGURE 7 | RAR signaling deletes memory T cell profile through comprehensive histone modifications. ChIP-seq using the Illumina HiSeq2500 system was
performed with TDM, TRA, and TLE cells for both H3K9/14ac and H3K27me3. (A) The number of peak calls. (B) Pie charts show the proportion of H3K9/14ac- and
H3K27me3-occupied genomic regions. (C) Venn diagram shows the number of genes located within ±10 kb of H3K9/14ac-occupied regions. Genes were filtered
as follows: p < 1e-5, Fold Enrichment ≥ 5, and Peak Tag count ≥ 5. (D, E) Metascape analysis was performed on the uniquely H3K9/14ac-occupied genes (i.e.,
1415 genes in TLE, 1055 genes in TDM, and 377 genes in TRA, as described in (C). Pathway and Process Enrichment analyses were performed using default settings
without Reactome Gene Sets (D) and using only Reactome Gene Sets (E). (F) Genes located within ±10 kb of H3K9/14ac- and H3K27me3-occupied regions were
extracted for the indicated comparison and categorized as closed and opened genes, respectively, during differentiation. The number of closed and opened genes is
shown. (G) The patterns of H3K27me3 peaks at the TCF7 locus are shown. The gray shadow indicates the region that was detected as a peak call in the
comparison between TLE and TRA cells. Bars indicated as Promoter or Control are positions of amplicons for ChIP-qPCR (H). (H) A ChIP assay was performed for
H3K27me3-occupied genes in the naïve CD8+ T cells treated with DMSO, RA, or LE540. Representative data are shown from two independent experiments. Data
were analyzed by one-way ANOVA with post-hoc tests. Error bars show SD. ****p < 0.0001.
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response. Accordingly, T cells can protect themselves from
excessive differentiation by a lack of RA production and
maintain a portion of undifferentiated TCM cells. These
findings demonstrated a surprising dynamism of T
cell differentiation.

Importantly, RA is abundant in tumors (12, 60). When T cells
infiltrate into tumors, the T cells can take in the exogenous RA
that abundantly exists in tumors and rapidly differentiate into
TEFF cells. Inflammatory stimuli can also induce RA production
from dendritic cells (DCs) (61), and thus RA is abundant in
inflammatory sites. Therefore, T cells infiltrated into the
inflammatory sites can rapidly differentiate into TEFF cells by
taking in the exogenous RA and eradicate infectious agents.
Moreover, RAL from T cells might be taken up and used for RA
synthesis by DCs at inflammatory sites because RA production
from DCs is likely to be enhanced by the interaction with T cells
(17). Taken together, while T cells themselves maintain memory
function with self-renewal activity and avoid complete
differentiation into TEFF cells by a lack of RA production, they
can rapidly differentiate into TEFF cells in RA-rich regions such
as tumor and inflammatory sites, where prompt effector function
is needed.

We demonstrated that RA signaling induced epigenetic
repression of memory-associated genes via the decrease and
increase in H3K9/14ac and H3K27me3 deposit ion,
respectively. This finding is consistent with a recent report
indicating that the accumulation of H3K27me3 deposition on
“pro-memory genes”, such as Tcf7, guides terminal effector T cell
differentiation (62). In addition, the epigenetic repression by RA
signaling also resulted in the disappearance of unique signatures
such as the catabolic process and mitochondrial oxidative
phosphorylation in memory T cells. At the effector phase,
numerous effector T cells against a pathogen can be generated
by clonal expansion that is supported by anabolic processes, but
most of these cells subsequently die and only ~5% of them
differentiate into memory T cells whose differentiation is
supported by catabolic processes, such as autophagy and
mitochondrial fatty acid oxidation. Importantly, recent studies
have shown that T cells can become memory T cells by shifting
their metabolic process from the anabolic to catabolic state (1,
63), implying that most (95%) effector T cells physiologically fail
to change their metabolism to the catabolic state after pathogen
clearance. Accordingly, there is surely a “gate pass” for the
metabolic change. Our present results indicate that the “gate
pass” should be a permissive epigenetic signature, which is
turned into a repressive signature by RA signaling.

The mechanisms by which RA signaling induces
comprehensive epigenetic repression of memory-associated
genes remain unclear. As both the DBD and AF2 domain of
RARa are required for the repression of CD62L via the
deacetylation of H3K9/14 at the CD62L promoter induced by
RA, it is likely that RARs bind to genome DNA and recruit
functional proteins such as co-repressor proteins, resulting in the
induction of comprehensive repression. However, we could not
detect any functionally or evolutionarily conserved RA-
responsive elements (RAREs) within ±20 kb of the CD62L
gene (data not shown). In addition, we did not find co-
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localization of closed regions with RAREs (data not shown).
Therefore, it is not clear whether RARs control epigenetic
modifications by direct binding to RAREs. It should be noted
that RA signaling alone was insufficient for the differentiation
into effector T cells, and that TCR signaling was simultaneously
required for it, as shown in Supplementary Figure 8D.
Interestingly, upon TCR stimulation, the expression of Ezh2,
which encodes a methyltransferase, is enhanced and the
deposition of H3K27me3 increases in CD8+ T cells (62).
Furthermore, in activated T cells with TCR stimulation,
HDACs co-localize with histone acetyltransferases (HATs) and
RNA Pol II at transcribed regions to remove acetylation marks
and reset the chromatin state (64). RAR signaling also causes
long-term and stable epigenetic changes during the
differentiation of stem cells into other specialized cell types,
thus silencing or activating large sets of genes either directly or
indirectly (65, 66). Thus, RAR signaling may exhibit cross-talk
with TCR signaling in the context of epigenetic modification and
achieve the directional differentiation into terminal effector
T cells.

Allie et al. reported that blockage of RAR signaling enhance
the development of central memory-like CD8+ T cells in mouse
model (59). However, it was no evidence that blockage of RAR
signaling in human T cells enhance anti-tumor immunity
through inducing memory T cell. We here succeeded in
demonstrating for the first time that RAR signaling in human
T cells is targets for improving the clinical efficacy of cancer
immunotherapies such as adoptive TCR- or chimeric antigen
receptor-transduced T-cell therapy, whose clinical effect is
largely dependent upon the amount of memory and
undifferentiated T cel ls (36, 67) . Furthermore, we
demonstrated that RDH10-dependent vitamin A metabolism
in T cells is also the target. RDH10-targeted immunotherapy
should be safe because the conditional RDH10 knockout adult
mouse did not present any detectable organ damages
(unpublished data). In fact, some chemical agents that could
inhibit the RDH10 enzyme activity increased memory T cells
(unpublished data). Therefore, the present study contributes to
develop memory T cell-based cancer immunotherapy by in vitro
and in vivo intervention of T cell differentiation.
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Clinical predictive value of
naïve and memory T cells in
advanced NSCLC

Guan Zhang1,2, Aqing Liu1,2, Yanjie Yang1,2, Ying Xia1,2,
Wentao Li1, Yunhe Liu1, Jing Zhang1, Qian Cui1,2,
Dong Wang1,2, Xu Liu3, Yongtie Guo3, Huayu Chen3

and Jianchun Yu1*

1Department of Oncology, First Teaching Hospital of Tianjin University of Traditional Chinese
Medicine, Tianjin University of Traditional Chinese Medicine, Tianjin, China, 2National Clinical
Research Center for Chinese Medicine Acupuncture and Moxibustion, Tianjin, China, 3Clinic
Laboratory, First Teaching Hospital of Tianjin University of Traditional Chinese Medicine, Tianjin
University of Traditional Chinese Medicine, Tianjin, China
Currently, there is no sensitive prognostic biomarker to screen out benefit

patients from the non-benefit population in advanced non-small cell lung

cancer patients (aNSCLCs). The 435 aNSCLCs and 278 normal controls (NCs)

were recruited. The percentages and absolute counts (AC) of circulating naïve

and memory T lymphocytes of CD4+ and CD8+ T cells (Tn/Tm) were measured

by flow cytometry. The percentage of CD4+ naïve T (Tn), CD8+ Tn, CD8+ T

memory stem cell (Tscm), and CD8+ terminal effector T cell decreased

obviously. Still, all AC of Tn/Tm of aNSCLCs was significantly lower

compared to NCs. Higher AC and percentage of CD4+ Tn, CD8+ Tn, and

CD4+ Tscm showed markedly longer median PFS in aNSCLCs. Statistics

demonstrated the AC of CD4+ Tn (≥ 3.7 cells/mL) was an independent

protective factor for PFS. The analysis of the prognosis of immunotherapy

showed the higher AC and percentage of CD4+ Tn and CD4+ Tscm and higher

AC of CD8+ Tscm had significantly longer median PFS and the AC of CD4+ Tn

(≥ 5.5 cells/mL) was an independent protective factor for PFS. Moreover, higher

AC and percentages of Tn/Tm suggested higher disease control rate and lower

progressive disease rate. The AC of Tn/Tm showed more regular patterns of

impairment and was more relative with the disease progression than

percentages in aNSCLCs. AC had a better predictive value than percentages

in Tn/Tm for PFS. Notably, the AC of CD4+ Tn was a potential prognostic

biomarker for the PFS and efficacy of immunotherapy.

KEYWORDS

advanced non-small cell lung cancer, absolute counts, naïve CD4+ T cell,
immunotherapy, prognosis
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Introduction

With the high incidence of cancer, the search for new

oncology treatment strategies has become a challenging goal

for researchers (1, 2). Now, the breakthrough advance is the

programmed cell death protein 1 (PD-1)/programmed cell

death-ligand 1 (PD-L1) monoclonal antibody, which is used in

first-line immune checkpoint inhibitors (ICIs) in lung cancer (3–

5). Histological detection of PD-L1 can guide treatment with

anti-PD-1/PD-L1 antibodies. But PD-L1 is heterogeneous and

unstable in tumors, and approximately 20% of PD-L1-negative

patients still benefit from PD-1/PD-L1 antibody therapy (6).

PD-L1 is not an ideal biomarker as some patients with low levels

of PD-L1 expression respond to immunotherapy while others

with high levels of PD-L1 expression do not, presenting a clinical

challenge for patient stratification (7, 8). Some studies showed

that high expression of tumor mutational burden (TMB) is

associated with improved overall survival in patients with non-

small-cell lung cancer (NSCLC) (9, 10). But others studies

showed that high expression of TMB in patients with NSCLC

is not associated with a prognosis of overall survival (11, 12).

Valero C, et al. analyzed 10,233 patients (80% not treated with

ICIs, 20% treated with ICIs) with 17 cancer types, before/without

ICIs, or after ICIs. In non-ICIs-treated patients, higher TMB

(higher percentile within cancer type) was not associated with

better prognosis; in fact, in many cancer types, higher TMB was

associated with poorer survival, in contrast to ICIs-treated

patients, in whom higher TMB was associated with longer

survival (13). These biomarkers suffer several well-known

limitations, including result variability related to technical

issues (14), the need for tumor biopsy tissue (15), and the lack

of host immune status evaluation. The occurrence of high TMB

does not always correspond to the response to ICIs (16). In an

immunotherapy study for advanced NSCLC (aNSCLC), the

objective response rate (ORR) for patients with high TMB and

high PD-L1 expression was 62.5%, compared to 43.9% for

patients with high TMB and low PD-L1 expression and 27.3%

for patients with low TMB and high PD-L1 expression (17).

However, PD-L1 and TMB expression did not allow assessment

of the overall immune status of patients. In addition to intrinsic

tumor resistance mechanisms, other reasons for this discrepancy

may be directly related to the “quality” of the neoantigen, which

activates naïve T cells (Tn) by Dendritic cells (DC) to generate

eventual T helper cells (Th) cells and cytotoxic T lymphocytes

(CTL) in response to the tumor (18). For patients with aNSCLC,

immunotherapy alone or combined with chemotherapy (19) is

currently the dominant mode of most clinal treatment (20).

Nevertheless, recent advances showed immunotherapy

combined with targeted therapy or radiotherapy did not

increase the response in patients with PD-L1-positive in

NSCLC (21, 22). Therefore, finding easily detectable and

accurately prognostic biomarkers to guide immunotherapy is

essential. Anti-PD-1/PD-L1 antibodies act by reliving immune
Frontiers in Immunology 02
24
suppression, activating immune cells to attack and destroy

cancer cells (23). Several biomarkers had studied as potential

candidates (24). Studies have shown promising results using

absolute counts (AC) of lymphocytes in peripheral blood as a

biomarker for patients with advanced NSCLC (aNSCLCs) (25,

26). In addition, CD4+ Th play a pivotal role in the immune

system due to performing multiple functions (27, 28). The

percentages of lymphocyte subsets (CD4+, CD8+ T cells, B and

NK cells) could serve as predictive biomarkers of

immunotherapy efficacy and progression-free survival (PFS) in

NSCLC, but it did not analyze the AC of lymphocyte subsets

(29). A study reported that CD8+PD-1+ to CD4+PD-1+ ratio in

peripheral blood is a prognostic indicator for aNSCLCs post ICIs

(30). Different memory CD4+ T cell subsets arise from the initial

immune response of antigen-specific CD4+ Tn (31). Baseline

CD4+ memory stem T cells (Tscm) in peripheral blood were

associated with early screening and adjuvant diagnosis of

colorectal cancer (32). The persistence of long-lived memory

CD8+ T cells was due to their ability for clonal expansion and

cytotoxicity (33–35). Our previous study found that the AC, not

the percentage of lymphocyte subsets in peripheral blood of

patients with NSCLC was significantly decreased compared to

healthy adults. Moreover, AC is more regular than the

percentage of lymphocyte subsets. There was a positive

correlation between AC of CD4+ T cells and the PFS of

patients (36). However, T lymphocyte subsets are

heterogeneous populations, which can further divide into

naive and memory T cells with different functions. Therefore,

we hypothesized that the key to prolonging the survival of

aNSCLCs w i th immuno th e r apy i s t h e AC o f T

lymphocyte subsets.

Thus, we infer that the AC and percentages of circulating

naïve and memory T lymphocytes of CD4+ and CD8+ T cells

(Tn/Tm) could guide the clinical treatment of aNSCLCs. Hence,

we explored the potential of Tn/Tm as a predictive biomarker of

response to immunotherapy.
Materials and methods

Study design and patients

A total of 435 aNSCLCs and 278 normal controls (NCs) had

recruited from the First Teaching Hospital of Tianjin University

of Traditional Chinese Medicine and National Clinical Research

Center for Chinese Medicine Acupuncture and Moxibustion,

including 92 patients who received immunotherapy. All subjects

were given informed consent under the Declaration of Helsinki.

The clinical trial had approved by the Clinical Research Ethics

Committee of the First Teaching Hospital of Tianjin University

of Traditional Chinese Medicine (TYLL2021[K] 001). The

inclusion criteria of aNSCLCs must meet: 1. had evidence of a

pathological and immunohistochemical diagnosis, according to
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Response Evaluation Criteria in Solid Tumors (RECIST; version

1.1); 2. were the absence of other malignant tumors; 3. had

complete clinical and laboratory data; 4. were at least 18 years

old; 5. had absence of severe cardiac, hepatic, renal, cerebral,

hematopoietic and immune system disease; 6. had an Eastern

Cooperative Oncology Group performance score. Exclusion

criteria included an undetermined NSCLC diagnosis or

NSCLC with stage I or II, other malignant tumors, or

incomplete clinical and laboratory data. All inspections of the

NCs enrolled were normal, including physical examination,

routine blood cell testing, liver function, renal function, and

blood glucose (8, 21, 30).

A total of 435 NSCLC patients with stages III and IV

enrolled in the trial after screening between February 1, 2021,

andMarch 1, 2022. Durvalumab was administered intravenously

at a fixed dose of 1500 mg every four weeks for up to 4 sessions.

Patients with aNCSLC stage III received Durvalumab combined

with chemotherapy (concurrent or sequential chemotherapy).

Patients with aNCSLC stage IV received Durvalumab

monotherapy or Durvalumab in combination with

chemotherapy (adenocarcinoma: pemetrexed in combination

with carboplatin; squamous carcinoma: albumin paclitaxel in

combination with carboplatin) (8).Treatment had discontinued

if severe immune-related adverse events or disease progressive,

or the patient or investigator decided to terminate treatment. A

flow diagram of the subjects and analysis procedures for this

study showed in Figure 1. The Tn/Tm assay had performed

using flow cytometry (BD FACS Canto II: U6573380-00541,

USA) with a lyse/no-wash procedure based on a single-platform
Frontiers in Immunology 03
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technique. The known number of fluorescently labelled beads in

BD Trucount tubes was the internal reference for absolute

count assay.

The primary endpoint of the outcome was PFS. The second

endpoints were complete response (CR), partial response (PR),

stable disease (SD), and progressive disease (PD). The disease

control rate (DCR) was the sum of the PR and SD rates. The

differences in AC and percentages of Tn/Tm between aNSCLCs

and NCs compared. In 435 aNSCLCs and 92 aNSCLCs treated

with immunotherapy, PFS was compared between two groups

based on the cut-off point. The baseline characteristics of

patients were shown in Table 1. The 278 NCs included 175

males and 103 females with a median age of 67 years (range, 40-

80). There were no significant differences between the aNSCLCs

cohort and the NCs cohort in gender and age (P > 0.05).
Tn/Tm assay by flow cytometry

The percentages and AC of the Tn/Tm assay were performed

by the single platform technique using the ten-color flow

cytometer (BD FACS Canto plus: U6573380-00541) (37). The

reagents include APC-H7 Mouse Anti-Human CD3 antibody

(Catalog NO: 663490), PE-Cy7 Mouse Anti-Human CD4

antibody (Catalog NO: 663493), V500-C Mouse Anti-Human

CD45 antibody (Catalog NO: 662912), APC Mouse Anti-

Human CD8 antibody (Catalog NO: 663524), BV421 Mouse

Anti-Human CD62L antibody (Catalog NO: 563862), PerCP-Cy

5.5 Mouse Anti-Human CD95 antibody (Catalog NO: 561655),
FIGURE 1

The flow chart of patient inclusion and analysis procedures in the study.
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PE Mouse Anti-Human CD45RO antibody (Catalog NO:

663530), FITC Mouse Anti-Human CD45RA antibody

(Catalog NO: 662840), and BD Lysing Solution (Catalog NO:

349202). The EDTA blood collecting tubes and BD Trucount

tubes (Catalog NO: 340334) were also purchased from BD

Biosciences, USA. The panel of phenotypic characterization of

T cells was identified according to their differentiation status

(Figure 2), such as naïve T cells (Tn) (CD45RA+ CD45RO-

CD62L+ CD95-), T memory stem cells (Tscm) (CD45RA+

CD45RO- CD62L+ CD95+), central memory T cells (Tcm)

(CD45RA- CD45RO+ CD62L+ CD95+), effector memory T

cells (Tem) (CD45RA- CD45RO+ CD62L- CD95+), and

terminal effector T cells (Tte) (CD45RA+ CD45RO- CD62L-

CD95+) (37).
Sample collection, cellular staining
and analyzing

Two milliliters of fresh peripheral blood were collected from all

subjects using a BD Vacutainer EDTA blood collection tube. Blood

samples were taken from aNSCLCs receiving immunotherapy

before treatment. Tn/Tm of peripheral blood were stained and

analyzed according to BD operating instruction:
1. For each sample, the corresponding BD Trucount Tube

was labeled separately;

2. 5 mL each of CD3, CD4, CD8, CD45, CD62L and CD95

antibodies, and 20 mL each of CD45RA and CD45RO

reagents were respectively pipetted into the bottom of

labeled BD Trucount Tubes, without touching the bead

pellet;

3. Reverse pipetting method was used to drew 50 mL of well-
mixed, anticoagulated whole blood into the tube just

above the metal retainer;

4. The tube was capped and gently rotated to mixed the

antibody and the sample;

5. The mixture was placed in the dark and incubated at

room temperature between 20°C and 25°C for 15

minutes;

6. 450 mL of 1 × BD Multitest IMK Kit Lysing Solution was

added into the tube, covered the tube and gently shook

the tube until the liquid was uniform;

7. The tube was incubated in the dark at room temperature

of 20°C-25°C for 15 minutes;

8. Samples were analyzed by a ten-color flow cytometer.
A known volume of sample was stained directly in a BD

Trucount Tube. The lyophilized pellet in the tube dissolves,

releasing a known number of fluorescent beads. During the
TABLE 1 The baseline characteristics of aNSCLCs.

Characteristics N = 435 （%）

Age (years) (median, range) 67 (39–80)

Sex

Male 294 67.6

Female 141 32.4

Family history

Yes 103 23.7

No 332 76.3

Smoking history

Yes 299 68.7

No 136 31.3

Drinking history

Yes 173 39.8

No 262 60.2

ECOG performance status

0 or 1 362 83.2

≥ 2 73 16.8

The size of primary tumor (cm)

< 2 19 4.4

≥ 2 416 95.6

Histological types

Adenocarcinoma 275 63.2

Squamous carcinoma 160 36.8

Degree of differentiation

Low 390 89.7

Moderate or High 45 10.3

TNM stage

Ⅲ 110 25.3

Ⅳ 325 74.7

Lymph node metastasis

Yes 320 73.6

No 115 26.4

Lung metastasis

Yes 184 42.3

No 251 57.7

Braine metastasis

Yes 64 14.7

No 371 85.3

Liver metastasis

Yes 52 12

No 383 88

Bone metastasis

Yes 128 29.4

No 307 70.6

Number of metastasis sites

0 49 11.3

1 120 27.6

2 183 42.1

≥ 3 83 19.1
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analysis, the absolute number of positive cells (cells per

microliter) in the sample can be determined using BD FACS

Canto-specific BD clinical software. This is the formula of AC

of cells:

cell absolute count  cells=mLð Þ   

=
Acquired   cells   events� Total  Beads
Acquired   beads� Voulme   of   sample
Statistical analysis

The comparison between groups was analyzed by non-

parametric test. The median values and frequencies of the

continuous and categorical variables were calculated. PFS was

defined as the duration between the initiation of inclusion and

the disease progression or death, whichever occurred first. PFS

was calculated by Kaplan-Meier method. Patients who were still

alive were reviewed at the last available follow-up. The cut-off

point was calculated by ROC curve (38). Univariate and

multivariate analyses were used to analyze the factors affecting

disease progression. Variables with P< 0.05 in univariate analysis

were entered for multivariate analysis. Log-rank test was used for

univariate analysis and the proportional hazards regression

model (COX model) was used for multivariate analysis. P<

0.05 were considered statistically significant. The data were

analyzed by SPSS 25. 0 software and plotted by GraphPad

Prism 9. 00 software.
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Results

Comparison of Tn/Tm assay between
aNSCLCs and normal controls

To analyze the damage status of Tn/Tm in aNSCLCs, the

following comparisons were made. Compared to NCs, the

percentage of CD4+ Tn, CD8+ Tn, CD8+ Tscm and CD8+ Tte

in the peripheral blood of aNSCLCs decreased obviously (P<

0.001), the percentage of CD4+ Tcm and CD4+ Tem increased

apparently (P< 0.05) (Figure 3A). Interestingly, all AC of Tn/Tm

of aNSCLCs was significantly lower than NCs (P< 0.001),

including CD4+ Tn, CD4+ Tscm, CD4+ Tcm, CD4+ Tem,

CD4+ Tte, CD8+ Tn, CD8+ Tscm, CD8+ Tcm, CD8+ Tem and

CD8+ Tte (Figure 3B). Compared to NCs, percentage of CD4+

Tn, CD8+ Tn and CD8+ Tte in aNSCLCs with stage III was lower

(P< 0.001), and the percentage of CD4+ Tcm was higher (P<

0.001) (Figure 3C), whereas, the AC of CD4+ Tn, CD4+ Tem,

CD8+ Tn, CD8+ Tscm, CD8+ Tcm, CD8+ Tem and CD8+ Tte

cell was significantly lower (P< 0.05) (Figure 3D). In NSCLCs

with stage IV, the percentage of CD4+ Tn, CD8+ Tn, CD8+ Tscm

and CD8+ Tte was lower (P< 0.001), the percentage of CD4+

Tcm and CD4+ Tem was higher (P< 0.001) (Figure 3E),

however, the AC of ten Tn/Tm subsets was significantly lower

than NCs (P< 0.001) (Figure 3F).

The above results suggested that AC showed a more regular

pattern of impairment and was more relative to the progress of

the tumor than percentages of Tn/Tm in aNSCLCs. Besides, the
FIGURE 2

Gating strategies. Firstly, we gated lymphocytes identified by CD45 from a leukocyte, then gated CD3+ T cells from a lymphocyte, and gated
CD4+ and CD8+ T cells from CD3+ T cells. Secondly, we gated Trucont Beads. Thirdly, Tn (CD95-CD45RO-) and Tscm (CD95+CD45RO-) were
gated from the CD3+CD4+ CD45RA+CD62L+ T subpopulation. Tcm (CD95+CD45RO+) and Tem (CD95+CD45RO+) subpopulations were gated
from CD3+CD4+CD45RA-CD62L+ and CD3+CD4+CD45RA-CD62L- T subsets, respectively. Tte (CD95+CD45RO-) subsets were gated from the
CD3+CD4+CD45RA+CD62L- T subpopulation. The gating logic for each subset of CD3+CD8+ T cell is the same as above. Tcm, central memory
T cells, Tem, effector memory T cells, Tte, terminal effector T cells.
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frequencies of CD4+ Tn and CD8+ Tn decreased obviously and

were associated with the development of cancer (Table 2).
Comparison of Tn/Tm assay between
stage III and IV in aNSCLCs

We further analyzed the changes in the Tn/Tm at different

stages of aNSCLCs. Compared to NSCLC with stage III, the

percentage of CD4+ Tscm, CD8+ Tn and CD8+ Tscm was lower

(P< 0.001), and the percentage of CD4+ Tem was higher in

NSCLC with stage IV (P = 0.014) (Figure 4A); while the AC of

CD4+ Tn, CD4+ Tscm, CD4+ Tcm and CD8+ Tn was

significantly lower (P< 0.05) and the AC of CD8+ Tem was

higher (P = 0.031) (Figure 4B). This research further analyzed

the relationship between the expression levels of Tn/Tm and

metastasis (No vs Yes = 49: 386). The results showed the

percentage of CD4+ Tscm, CD8+ Tn, and CD8+ Tscm in no

metastasis was high than that in metastasis, and the frequency of

CD8+ Tem in no metastasis was low than that in metastasis (P<
Frontiers in Immunology 06
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0.05) (Figure 4C). The AC of CD8+ Tn and CD8+ Tscm was high

in no metastasis. The AC of CD8+ Tem was high in metastasis

(P< 0.05) (Figure 4D).

This result suggests that the AC of Tn/Tm changes more

markedly than the percentage as the disease progresses in

NSCLC, and the AC of CD4+ Tn and CD8+ Tn showed a

decline in change (Table 2). Moreover, it suggested that the

percentage and AC of Tn and Tscm of CD8+ correlated more

significantly with metastasis.
Prognostic impact of Tn/Tm on PFS

We analyzed the relationship between AC and percentage of

Tn/Tm and PFS of aNSCLCs. In Figure 5A (HR 3.142; 95% CI

[2.241 to 4.406]; P< 0.0001), Figure 5B (HR 5.038; 95% CI [3.368

to 7.536]; P< 0.0001), Figure 5F (HR 2.181; 95% CI [1.554 to

3.063]; P< 0.0001) and Figure 5G (HR 2.245; 95% CI [1.568 to

3.217]; P< 0.0001), there was significantly longer median PFS for

patients with higher percentage and AC of CD4+ Tn (42.4 weeks,
A B

D

E F

C

FIGURE 3

Comparison of Tn/Tm between aNSCLCs and NCs: (A) Comparison of percentages between aNSCLCs and NCs. (B) Comparison of AC between
aNSCLCs and NCs. (C) Comparison of percentages between aNSCLCs with stage III and NCs. (D) Comparison of AC between aNSCLCs with
stage III and NCs. (E) Comparison of percentages between aNSCLCs with stage IV and NCs. (F) Comparison of AC between aNSCLCs with stage
IV and NCs. ns, no significance.
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95% CI, 1.715 to 3.543; 42.4 weeks, 95% CI, 2.698 to 5.313) and

CD8+ Tn (42.4 weeks, 95% CI, 1.145 to 2.866; 40 weeks, 95% CI,

1.462 to 2.849) compared to lower percentage and AC of CD4+

Tn (17.2 weeks, 95% CI, 0.282 to 0.583;11.2 weeks, 95% CI, 0.188

to 0.371) and CD8+ Tn (20.8 weeks, 95% CI, 0.349 to 0.69; 19.6

weeks, 95% CI, 0.351 to 0.684). High percentage of CD4+ Tscm

was associated with better median PFS (34.4 weeks, 95% CI,

1.053 to 2.087 vs 23.2 weeks, 95% CI, 0.479 to 0.949) (HR 1.737;

95% CI [1.244 to 2.427]; P=0.0012) (Figure 5C). High AC of

CD4+ Tscm was also associated with longer median PFS (40
Frontiers in Immunology 07
29
weeks, 95% CI, 1.269 to 2.514 vs 22.4 weeks, 95% CI, 0.398 to

0.788) (HR 2.01; 95% CI [1.436 to 2.814]; P< 0.0001)

(Figure 5D). The percentage of CD8+ Tscm showed a similarly

change to CD4+ Tscm with a higher frequency and a longer

median PFS (32.4 weeks, 95%, 0.965 to 1.889 vs 24 weeks, 95%

CI, 0.529 to 1.037) (HR 1.572; 95% CI [1.124 to 2.199]; P =

0.0068) (Figure 5H). Contrarily, when the percentage of CD4+

Tem was low, the median PFS was higher (33.2 weeks, 95% CI,

0.984 to 1.945 vs 24 weeks, 95% CI, 0.514 to 1.016) (HR 0.674;

95% CI [0.483 to 0.941]; P = 0.0215) (Figure 5E). The rest of the
A B

DC

FIGURE 4

Comparison of Tn/Tm between different stages of aNSCLCs and aNSCLCs with or without metastasis: (A) Comparison of percentages between
stages III and IV in aNSCLCs. (B) Comparison of AC between stages III and IV in aNSCLCs. (C) Comparison of percentages of aNSCLCs with or
without metastasis. (D) Comparison of AC of aNSCLCs with or without metastasis. ns, no significance.
TABLE 2 Cells impairment and prognostic cells in aNSCLCs.

Tn/Tm Compared with the NCs Compared with the Stage Ⅲ PFS

All aNSCLCs Stage Ⅲ Stage Ⅳ Stage Ⅳ % AC

% AC % AC % AC % AC

CD4+ Tn ★ ★ ★ ★ ★ ★ ★ ★ ★

CD4+ Tscm ★ ★ ★ ★ ★ ★

CD4+ Tcm ★ ★ ★ ★ ★ ★

CD4+ Tem ★ ★ ★ ★ ★ ★ ★

CD4+ Tte ★ ★

CD8+ Tn ★ ★ ★ ★ ★ ★ ★ ★ ★ ★

CD8+ Tscm ★ ★ ★ ★ ★ ★ ★

CD8+ Tcm ★ ★ ★

CD8+ Tem ★ ★ ★ ★

CD8+ Tte ★ ★ ★ ★ ★ ★
f
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cells, including Tcm, Tte of CD4+ and CD8+, the AC of CD8+

Tscm and AC of CD4+ Tem cells had no relationship between

median PFS and cell amount (Supplementary Figure 1).

Notably, the difference in median PFS for AC of CD4+ Tn

(31.2 weeks) was the most apparent, followed by percentage

(25.2 weeks) of CD4+ Tn, percentage (21.6 weeks) of CD8+ Tn,

and AC (20.4 weeks) of CD8+ Tn. The results suggested that

high AC and percentage of Tn were conducive to prolonged PFS

in aNSCLCs although the percentage and AC of CD4+ Tscm,
Frontiers in Immunology 08
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percentage of CD4+ Tem, and CD8+ Tscm had prognostic value

in PFS of aNSCLCs too (Table 2).
Effect of variables on the
PFS of aNSCLCs

Because the result had more subsets of Tn/Tm that affected

the PFS of patients, it was necessary to evaluate which peripheral
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G H

C

FIGURE 5

Prognostic impact of Tn/Tm on PFS of aNSCLCs: (A) The percentage of CD4+ Tn on the prognosis of PFS. (B) The AC of CD4+ Tn on the prognosis of PFS.
(C) The percentage of CD4+ Tscm on the prognosis of PFS. (D) The AC of CD4+ Tscm on the prognosis of PFS. (E) The percentage of CD4+ Tem on the
prognosis of PFS. (F) The percentage of CD8+ Tn on the prognosis of PFS. (G) The AC of CD8+ Tn on the prognosis of PFS. (H) The percentage of CD8+

Tscm on the prognosis of PFS.
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Tn/Tm had the most significant impact on the PFS of aNSCLCs.

This study utilized univariate analysis and a Log-rank test to

analyze the variables (Table 3). The variables of P< 0.05 were

input to multivariate analysis for COX model analysis, and

finally, the forest plots had drawn in Figure 6. The high AC of

CD4+ Tn was an independent protective factor for PFS (HR

0.260; 95%CI [0.153 to 0.441]; P< 0.001), and liver metastasis

(HR 1.815; 95%CI [1.094 to 3.012]; P = 0.021) was independent

risk factor for PFS of aNSCLCs.

The forest plots indicated that only the AC of CD4+ Tn was

an independent protective factor for PFS through the AC and
Frontiers in Immunology 09
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percentage of CD4+ and CD8+ Tn, as well as the frequency and

AC of CD4+ Tscm, frequency of CD4+ Tem, and CD8+ Tscm,

were correlated with PFS in aNSCLCs. Thus, more attention

should be paid to the AC of CD4+ Tn.

Prognosis of Tn/Tm on PFS in aNSCLCs
received immunotherapy

To evaluate the prognosis of Tn/Tm on PFS in aNSCLCs

received immunotherapy, we analyzed the relationship between

the baseline of Tn/Tm and PFS (Table 4).
TABLE 3 Univariate analysis on PFS of aNSCLCs.

Univariate viable Cutoff-point Univariate analysis

P-value HR

Age (≥ 67 vs< 67) 67 0.027 0.684

Sex (Male vs Female) 0.009 1.682

Family history (Yes vs No) 0.151 0.736

Smoking history (Yes vs No) 0.113 1.366

Drinking history (Yes vs No) 0.119 1.307

ECOG performance status (≥ 2 vs< 2) < 0.001 1.964

The size of primary tumor (cm) (≥2 vs< 2) 0.033 4.57

Histological types (Adenocarcinoma vs Squamous carcinoma) 0.092 0.749

Degree of differentiation (Moderate or High vs Low) 0.955 1.015

TNM stage (Ⅳ vs Ⅲ) 0.6 1.109

Lymph node metastasis (Yes vs No) 0.036 1.531

Lung metastasis (Yes vs No) 0.445 1.14

Braine metastasis (Yes vs No) 0.061 0.554

Liver metastasis (Yes vs No) < 0.001 3.024

Bone metastasis (Yes vs No) 0.015 1.536

Number of metastasis sites (≥ 2 vs< 2) 0.03 1.479

CD4+ Tn cell (%) (High vs Low) 2.75 < 0.001 0.311

CD4+ Tscm cell (%) (High vs Low) 17.8 0.002 0.575

CD4+ Tcm cell (%) (High vs Low) 30 0.087 1.346

CD4+ Tem cell (%) (High vs Low) 22 0.023 1.484

CD4+ Tte cell (%) (High vs Low) 0.85 0.186 0.785

CD8+ Tn cell (%) (High vs Low) 1 < 0.001 0.444

CD8+ Tscm cell (%) (High vs Low) 9 0.008 0.629

CD8+ Tcm cell (%) (High vs Low) 6.65 0.316 1.213

CD8+ Tem cell (%) (High vs Low) 20.6 0.058 0.721

CD8+ Tte cell (%) (High vs Low) 6.8 0.992 0.998

CD4+ Tn cell (cells/mL) (High vs Low) 3.7 < 0.001 0.189

CD4+ Tscm cell (cells/mL) (High vs Low) 62 < 0.001 0.493

CD4+ Tcm cell (cells/mL) (High vs Low) 115 0.362 0.856

CD4+ Tem cell (cells/mL) (High vs Low) 70.5 0.278 1.215

CD4+ Tte cell (cells/mL) (High vs Low) 2 0.63 0.921

CD8+ Tn cell (cells/mL) (High vs Low) 2 < 0.001 0.431

CD8+ Tscm cell (cells/mL) (High vs Low) 23 0.099 0.753

CD8+ Tcm cell (cells/mL) (High vs Low) 22 0.875 0.973

CD8+ Tem cell (cells/mL) (High vs Low) 58.5 0.297 0.834

CD8+ Tte cell (cells/mL) (High vs Low) 16 0.193 1.251
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When comparing the PFS in patients with PR, SD and PD,

PR had the highest median PFS (NE, 95% CI, NE to NE vs 29.2

weeks, 95% CI, NE to NE vs 14 weeks, 95% CI, NE to NE) (P =

0.0002) (Figure 7A). High percentage of CD4+ Tn was associated

with longer median PFS (29.2 weeks, 95% CI, 1.162 to 4.212 vs

13.2 weeks, 95% CI, 0.237 to 0.861) (HR 3.591; 95% CI [1.535 to

8.399]; P< 0.0001) (Figure 7B). Patients with high AC of CD4+

Tn had a better median PFS compared with patients with low

AC of CD4+ Tn (29.2 weeks, 95% CI, 2.14 to 7.687 vs 7.2 weeks,

95% CI, 0.13 to 0.467) (HR 4.562; 95% CI [2.099 to 9.917]; P<

0.0001) (Figure 7C). High percentage and AC of CD4+ Tscm in

aNSCLCs had significantly longer median PFS compared with

low percentage and AC of CD4+ Tscm in aNSCLCs (26.8 weeks,

95% CI, 0.902 to 3.446 vs 15.2 weeks, 95% CI, 0.29 to 1.109) (HR

2.239; 95% CI [1.183 to 4.237]; P = 0.0143, Figure 7D) (NE, 95%

CI, NE to NE vs 16 weeks, 95% CI, NE to NE) (HR 3.177; 95% CI

[1.68 to 6.009]; P = 0.0008, Figure 7E). There was a significant

difference in PFS for patients with high or low CD8+ Tscm (26.8

weeks, 95% CI, 0.845 to 3.32 vs 16 weeks, 95% CI, 0.301 to 1.183)

(HR 2.56; 95% CI [1.352 to 4.845]; P = 0.0046) (Figure 7F). The

Tcm, Tem, Tte of CD4+ and CD8+, the percentage and AC of

CD8+ Tn and the percentage of CD8+ Tscm cells had no

relationship between PFS and cell amount in aNSCLCs

(Supplementary Figure 2).

Overall, this indicated that high AC and percentage of CD4+

Tn and CD4+ Tscm were beneficial in prolonging PFS in

aNSCLCs. The AC of CD8+ Tscm had prognostic value for

PFS of aNSCLCs.
FIGURE 6

The forest plots of factors affected the PFS of aNSCLCs. HR > 1
represented variable was considered a negative factor; HR< 1
indicated variable was considered a positive factor.
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TABLE 4 The baseline characteristics of aNSCLCs who received
immunotherapy.

Characteristics N = 92 （%）

Age (years) (median, range) 69 (45-80)

Sex

Male 64 69.6

Female 28 30.4

Family history

Yes 26 28.3

No 66 71.7

Smoking history

Yes 61 66.3

No 31 33.7

Drinking history

Yes 35 38

No 57 62

ECOG performance status

0 or 1 67 72.8

≥ 2 25 27.2

The size of primary tumor (cm)

< 2 3 3.3

≥ 2 89 96.7

Histological types

Adenocarcinoma 59 64.1

Squamous 33 35.9

Degree of differentiation

Low 86 93.5

Moderate or High 6 6.5

TNM stage

Ⅲ 19 20.7

Ⅳ 73 79.3

Lymph node metastasis

Yes 65 70.7

No 27 29.3

Lung metastasis

Yes 39 42.4

No 53 57.6

Braine metastasis

Yes 13 14.1

No 79 85.9

Liver metastasis

Yes 9 9.8

No 83 90.2

Bone metastasis

Yes 26 28.3

No 66 71.7

Number of metastasis sites

0 12 13

1 20 21.8

2 48 52.2

≥ 3 12 13

(Continued)
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The high AC of CD4+ Tn, CD4+ Tscm, and CD8+ Tscm and

the high percentage of CD4+ Tn and CD4+ Tscm were associated

with a better prognosis. We wondered which peripheral Tn/Tm
Frontiers in Immunology 11
33
subset was most relevant to the PFS of aNSCLCs who received

immunotherapy. To answer this question, we conducted

univariate analyses, using the Log-rank test to analyze the

variables (Table 5). The variables with P< 0.05 entered into

multivariate analysis for COX model analysis to draw forest

plots. The results showed the AC of CD4+ Tn ≥ 5.5 cells/mL (HR

0.248; 95% CI [0.079 to 0.775]; P = 0.017) was an independent

protective factor in PFS of aNSCLCs who received

immunotherapy (Figure 8).

Based on analysis above, the percentage and the AC of CD4+

Tn, CD4+ Tscm, CD4+ Tcm, CD4+ Tem, CD4+ Tte, CD8+ Tn,

CD8+ Tscm, CD8+ Tcm, CD8+ Tem and CD8+ Tte can be

divided into high and low groups according to their cutoff-point
TABLE 4 Continued

Characteristics N = 92 （%）

Response evaluation

Complete response (CR) 0 0

Partial response (PR) 19 20.6

Stable disease (SD) 34 37

Progressive disease (PD) 39 42.4
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FIGURE 7

Prognostic impact of the baseline of Tn/Tm on PFS of NSCLCs: (A) Prognostic impact of PR, SD, and PD on PFS. (B) Prognostic impact in
percentage of CD4+ Tn on PFS. (C) Prognostic impact in AC of CD4+ Tn on PFS. (D) Prognostic impact in percentage of CD4+ Tscm on PFS.
(E) Prognostic impact in AC of CD4+ Tscm on PFS. (F) Prognostic impact in AC of CD8+ Tscm on PFS. NE: not estimable.
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(Table 6). In 92 patients, 71 (77%) had a high percentage of

CD4+ Tn (≥ 1.8%), of them 18 (25%) were PR, 31 (44%) were

SD, 22 (31%) were PD, the disease control rate (DCR) reached

69%, while 21(23%) had a low percentage of CD4+ Tn (< 1.8%),

of them 1 (5%) were PR, 3 (14%) were SD, 17 (81%) were PD, the

DCR was 19% only. Markedly, the percentage of CD4+ Tn

showed a positive correlation to the DCR, the higher

percentage of CD4+ Tn (≥ 1.8%) signified a better outcome of
Frontiers in Immunology 12
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immunotherapy, and the lower percentage of CD4+ Tn (< 1.8%)

implied poorer curative effect. When the AC of CD4+ Tn was

higher than or equal to 5.5 cells/mL, the DCR was 71%, and the

PD rate was 29%. On the contrary, the PD rate was 77% higher

than the DCR (23%) when the AC of CD4+ Tn was less than 5.5

cells/mL.
The AC of Tscm, Tcm, and Tem of CD4+ as well as Tn,

Tscm, Tcm, and Tte of CD8+ all showed similar characteristics
TABLE 5 Univariate analysis on PFS of aNSCLCs who received immunotherapy.

Univariate viable Cutoff-point P-value HR

CD4+ Tn cell (%) (High vs Low) 1.8 < 0.001 0.266

CD4+ Tscm cell (%) (High vs Low) 17 0.018 0.442

CD4+ Tcm cell (%) (High vs Low) 29.85 0.542 0.819

CD4+ Tem cell (%) (High vs Low) 22.1 0.702 0.882

CD4+ Tte cell (%) (High vs Low) 0.35 0.214 0.659

CD8+ Tn cell (%) (High vs Low) 1.35 0.077 0.494

CD8+ Tscm cell (%) (High vs Low) 9.55 0.185 0.638

CD8+ Tcm cell (%) (High vs Low) 9 0.741 0.896

CD8+ Tem cell (%) (High vs Low) 21.3 0.064 0.538

CD8+ Tte cell (%) (High vs Low) 6.55 0.923 0.969

CD4+ Tn cell (cells/mL) (High vs Low) 5.5 < 0.001 0.205

CD4+ Tscm cell (cells/mL) (High vs Low) 64.5 0.002 0.313

CD4+ Tcm cell (cells/mL) (High vs Low) 116.5 0.071 0.548

CD4+ Tem cell (cells/mL) (High vs Low) 80 0.388 0.754

CD4+ Tte cell (cells/mL) (High vs Low) 2 0.14 0.616

CD8+ Tn cell (cells/mL) (High vs Low) 2 0.103 0.587

CD8+ Tscm cell (cells/mL) (High vs Low) 23.5 0.006 0.383

CD8+ Tcm cell (cells/mL) (High vs Low) 25.5 0.715 0.887

CD8+ Tem cell (cells/mL) (High vs Low) 57 0.45 0.780

CD8+ Tte cell (cells/mL) (High vs Low) 15 0.978 1.009
frontiersi
FIGURE 8

The forest plots of factors affected the PFS of aNSCLCs who received immunotherapy. HR > 1 represented variable was considered a negative
factor; HR< 1 indicated variable was considered a positive factor.
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to the AC and percentage of CD4+ Tn. The same applies to the

percentage of CD4+ Tcm (Table 6). The higher AC (≥ cutoff-

point) had better DCR than the lower AC (< cutoff-point). In

other words, the lower AC had a higher PD rate.

Due to a small fraction of higher percentage and AC (≥

cutoff-point) of Tn/Tm showing no better efficacy (Table 6), to
Frontiers in Immunology 13
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explore the cause, we further analyzed the correlation between

response of immunotherapy regimes and the AC of CD4+ Tn

(Table 7). Here is an analysis relationship between the AC of

CD4+ Tn and immunotherapy only. The reason was that

multivariate analysis above showed that the AC of CD4+ Tn

was the most significant protective factor for PFS of patients
TABLE 6 Evaluation response of Tn/Tm of aNSCLCs received immunotherapy.

Cells Groups n Disease control Progressive Disease

92 PR = 19 SD = 34 PD = 39
n (%) n (%) n (%)

CD4+ Tn % ≥ 1.8% 71 18 (25%) 31 (44%) 22 (31%)

< 1.8% 21 1 (5%) 3 (14%) 17 (81%)

CD4+ Tn ≥ 5.5 cells/mL 66 19 (29%) 28 (42%) 19 (29%)

< 5.5 cells/mL 26 0 6 (23%) 20 (77%)

CD4+ Tscm % ≥ 17% 48 10 (21%) 19 (39.5%) 19 (39.5%)

< 17% 44 9 (20%) 15 (34%) 20 (46%)

CD4+ Tscm ≥ 64.5 cells/mL 46 14 (30%) 21 (46%) 11 (24%)

< 64.5 cells/mL 46 5 (11%) 13 (28%) 28 (61%)

CD4+ Tcm % ≥ 29.85% 46 12 (26%) 19 (41%) 15 (33%)

< 29.85% 46 7 (15%) 15 (33%) 24 (52%)

CD4+ Tcm ≥ 116.5 cells/mL 46 14 (30%) 21 (46%) 11 (24%)

< 116.5 cells/mL 46 5 (11%) 13 (28%) 28 (61%)

CD4+ Tem % ≥ 22.1% 47 11 (23%) 19 (41%) 17 (36%)

< 22.1% 45 8 (18%) 15 (33%) 22 (49%)

CD4+ Tem ≥ 80 cells/mL 46 14 (30%) 21 (46%) 11 (24%)

< 80 cells/mL 46 5 (11%) 13 (28%) 28 (61%)

CD4+ Tte % ≥ 0.35% 56 11 (20%) 21 (38%) 24 (42%)

< 0.35% 36 8 (22%) 13 (36%) 15 (42%)

CD4+ Tte ≥ 2 cells/mL 50 11 (22%) 19 (38%) 20 (40%)

< 2 cells/mL 42 8 (19%) 15 (36%) 19 (45%)

CD8+ Tn % ≥ 1.35% 30 5 (17%) 16 (53%) 9 (30%)

< 1.35% 62 14 (23%) 18 (29%) 30 (48%)

CD8+ Tn ≥ 2 cells/mL 59 11 (19%) 30 (51%) 18 (30%)

< 2 cells/mL 33 8 (24%) 4 (12%) 21 (64%)

CD8+ Tscm % ≥ 9.55% 44 8 (18%) 19 (43%) 17 (39%)

< 9.55% 48 11 (23%) 15 (31%) 22 (46%)

CD8+ Tscm ≥ 23.5 cells/mL 43 11 (26%) 23 (53%) 9 (21%)

< 23.5 cells/mL 49 8 (16%) 11 (23%) 30 (61%)

CD8+ Tcm % ≥ 9% 47 10 (21%) 18 (38%) 19 (41%)

< 9% 45 9 (20%) 16 (36%) 20 (44%)

CD8+ Tcm ≥ 25.5 cells/mL 46 12 (26%) 19 (41%) 15 (33%)

< 25.5 cells/mL 46 7 (15%) 15 (33%) 24 (52%)

CD8+ Tem % ≥ 21.3% 46 10 (22%) 15 (33%) 21 (45%)

< 21.3% 46 9 (20%) 19 (41%) 18 (39%)

CD8+ Tem ≥ 57 cells/mL 47 12 (26%) 17 (36%) 18 (38%)

< 57 cells/mL 45 7 (15%) 17 (38%) 21 (47%)

CD8+ Tte % ≥ 6.55% 46 9 (20%) 20 (44%) 17 (36%)

< 6.55% 46 10 (22%) 14 (30%) 22 (48%)

CD8+ Tte ≥ 15 cells/mL 48 11 (23%) 23 (48%) 14 (29%)

< 15 cells/mL 44 8 (18%) 11 (25%) 25 (57%)
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(Figures 6, 8). For high AC of CD4+ Tn (≥ 5.5 cells/mL) (n = 66),

immunotherapy alone achieved 3 (16%) PR, 5 (18%) SD, 5 (26%)

PD; for low AC of CD4+ Tn cell (< 5.5 cells/mL) (n = 26), gained

0 PR, 1 (17%) SD and 4 (20%) PD. Compared to it,

immunotherapy conjugate Astragalus polysaccharide (APS)

showed better efficacy with PR (5, 26%) and SD (8, 28.5%)

increase, PD (3, 16%) drop for high AC of CD4+ Tn (≥ 5.5 cells/

mL), meanwhile PR (0), SD (1, 17%) and PD (1, 5%) decrease for

low AC of CD4+ Tn (< 5.5 cells/mL). Immunotherapy followed

by chemotherapy showed more better efficacy with PR (7, 37%),

SD (9, 31.5%) increase, PD (4, 21%) decrease for high AC of

CD4+ Tn (≥ 5.5 cells/mL), and SD (2, 33%) increase and PD

(4, 20%) steadiness for low AC of CD4+ Tn (< 5.5 cells/mL).
Immunotherapy conjugate recombinant human Granulocyte

Colony Stimulating Factor (G-CSF) didn’t display better

outcomes with PR, SD, and PD drop for high AC of CD4+ Tn

(≥ 5.5 cells/mL), and SD and PD decreased too for low AC of

CD4+ Tn (< 5.5 cells/mL). Chemotherapy followed by

immunotherapy revealed poorer efficacy with PR and SD

drop, PD rise for high AC of CD4+ Tn cell (≥ 5.5 cells/mL),
simultaneously, PD increase apparently, for low AC of CD4+ Tn

cell (< 5.5 cells/mL) (Table 7).
The results indicated the efficacy of immunotherapy

conjugate chemotherapy was related to the AC of CD4+ Tn

and treatment order. The high AC of CD4+ Tn, and

chemotherapy used after immunotherapy predicted a better

prognosis, and it was recommended options for the clinic.
Discussion

The T lymphocytes play a crucial role in protecting the body

against cancer by recognizing and killing tumor cells (39, 40). T

lymphocytes have mainly divided into naïve T cells (Tn) and
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memory T cells (Tm) based on their function and phenotype

(41). Tn is a mature T cell that is resting. Tn performs the

immune-surveillance function by recirculating between the

blood and secondary lymphoid organs, and Tn responds only

to new antigens (42). DC capture tumor antigens and present

them through HLA class II or I molecules to CD4+ Tn or CD8+

Tn that can differentiate into Th and memory CD4+ T cells or

memory CD8+ T cells, also known as the initial immune

response (43). After 90-95% of effector T cells undergo

apoptosis, only 5-10% of activated T cells were converted into

long-term Tm. These Tm persisted and were involved in

maintaining long-term immunity and rapid responses to

antigens that had been exposed, also known as memory

immune responses (44, 45). Tn and Tscm could self-renew

and differentiate into all subsets of memory and effector T

cells, which include Tcm, Tem, and Tte (46, 47). Tscm and

Tcm undergo a memory immune response and rapidly clonally

proliferate to produce Tem and Tte that specifically kill tumor

cells (48). Our study showed the AC of Tn/Tn impaired

significantly in aNSCLCs, the insufficient numbers of Tn or

Tscm and Tcm cannot induce enough initial immune responses

and memory immune responses, and cannot recognize and kill

tumor cells, which may explain the development of refractory

tumors. Hence, different T lymphocytes coordinate with each

other and play a crucial role in the anti-tumor immune response

(49, 50). Therefore, studying the number and function of Tn and

Tm cells is a reference for understanding anti-tumor immunity.

Most studies have focused on the frequency of immune cells

in blood or tumor-infiltrating lymphocytes (TILs) and served as

biomarkers of prognosis (51–53). Liu C, et al. reported that the

percentage of CD4+ Tn and Tm in peripheral blood are

prognostic indicators for patients with NSCLC (54–56).

However, the “Tn” of these researches was a mixture of Tn

and Tscm due to not using CD95 monoclonal antibodies to
TABLE 7 Frequency for response of treatment options in the AC of CD4+ Tn cell in aNSCLCs.

Treatment regime CD4+ Tn cell

≥ 5.5 cells/mL (n = 66) < 5.5 cells/mL (n = 26)

PR SD PD PR SD PD

n 19 28 19 0 6 20

Immunotherapy alone 3
(16%)

5
(18%)

5
(26%)

0
1

(17%)
4

(20%)

Immunotherapy conjugate
APS

5
(26%)

8
(28.5%)

3
(16%)

0
1

(17%)
1

(5%)

Immunotherapy conjugate
Recombinant Human G-CSF

2
(10.5%)

3
(11%)

1
(5%)

0
0 1

(5%)

Chemotherapy followed by
immunotherapy

2
(10.5%)

3
(11%)

6
(32%)

0
2

(33%)
10

(50%)

Immunotherapy followed by
chemotherapy

7
(37%)

9
(31.5%)

4
(21%)

0
2

(33%)
4

(20%)
fronti
APS, Astragalus polysaccharide; G-CSF, Granulocyte Colony Stimulating Factor.
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discriminate Tscm from Tn according to the methods of the

papers (57), while Tn and Tscm in our research had

distinguished by CD95 monoclonal antibody. The “Tn” in

these researches was completely different from the “Tn” of our

manuscript. Meanwhile, this researches only analyzed the

memory CD4+ and CD8+ T cells but did not fully analyze the

subsets of memory cells, including Tscm, Tcm, Tem, and Tte

(30, 54–56). More importantly, these studies did not analyze

further the prognostic impact of each AC of the Tn/Tm

subpopulation on patient survival. Therefore, naïve and

memory cells of CD4+ and CD8+ T cells in the research are

completely different from our manuscript. Wherever, the impact

of AC in the Tn/Tm subpopulation of peripheral blood, which

represents the overall immune status, on the prognosis of

NSCLC is unclear. Chen DS, et al. indicated that possible

reasons for the absence of the T-cell infiltration in the tumor

microenvironment (TME) include lack of tumor antigens,

defects in antigen-presenting cells (APCs), and lack of T-cell

activation (58). Yost KE, et al. reported that the T-cell clones that

dominate the T-cell landscape within the tumor after ICB are

distinct from that before treatment, a phenomenon referred to

by the authors as a clonal substitution (59). More and more

evidence indicate that cloning and recruitment of T lymphocytes

may be a key to disease progression during immunotherapy (60).

It had suggested that the reactivation capacity of TILs was

limited, and the type of expansion of T cell clones after

immunotherapy had recruited from peripheral sources (59).

Deep single-cell sequencing of RNA and T cell receptors in the

patient’s peripheral blood, tumor samples, and normal adjacent

tissues confirmed the source of clonotypic amplification of TILs.

The results indicated that in patients who responded, TILs were

replaced by fresh non-depleted T cells from outside the tumor

(61). Therefore, TILs in the local TME may be derived from Tn/

Tm subsets in the peripheral blood. The immune status of the

patient’s TME is crucial in terms of their prognosis. We

speculate that the TME combined with the systemic immune

status of patients is more relevant for the prognosis of patients

and the stratification of patients for immunotherapy. We

hypothesized that adequate numbers of Tn/Tm are

considerable for maintaining the immune homeostasis in the

local TME. It is necessary to determine which AC of Tn/Tm in

peripheral blood have closely associated with the prognosis of

the tumor. Our previous study showed that AC of CD4+ cells

had a predictive value in longer PFS of NSCLC, while the

percentages of CD3+, CD4+, CD8+, B, and NK cells were the

same as that in NCs, with no difference between the two groups

(36). The frequency and AC of T cells reflect two aspects of

immune cells: the frequency reflects mainly the development

and differentiation of immune cells, while the AC shows the

proliferation of immune cells. The state of immune cells requires

analysis of both the percentage and AC of cells (62). Studies have

shown that the AC of Tn is lower in patients with NSCLC than

that in normal subjects (63).
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Notably, we focused on Tn/Tm in this study. The percentage

and AC of Tn/Tm had severely reduced in aNSCLCs compared

to NCs, and the decrease in AC was more regular, especially the

AC of CD4+ Tn and CD8+ Tn was associated with the disease

stage of the tumor, that is, with the disease progression of

aNSCLCs (Figure 3). This result suggested that aNSCLCs lack

sufficient numbers of Tn to generate initial immune responses by

DC recognizing and intaking new tumor antigens. This

condition might cause the recurrence and metastasis of tumor

cells (Figure 4). The data indicated that the initial immune

response of Tn and proliferation of the T cell in aNSCLCs were

severely impaired. And the inability to effectively perform

immune surveillance and clearance might lead to the

metastasis and progression of NSCLC.

Some studies have shown that immunotherapy conjugate

with radiotherapy did not improve the outcome of aNSCLCs

(21). We inferred that the ineffectiveness of immunotherapy

could be due to the depletion of CD4+ Tn, leading directly to

desensitization to new antigens produced by recurrent tumors,

which coincides with the significant impairment in AC of Tn in

aNSCLCs. Therefore, it may be a crucial factor in the formation

of clinically refractory tumors (Figure 6).

Multivariate analysis of all variables of Tn/Tm related to the

prognosis of aNSCLCs showed that the AC of CD4+ Tn (≥

cutoff-point) in peripheral blood was an independent protective

factor in PFS of aNSCLCs (Figures 6, 8). Immunotherapy acts by

indirectly relieving immune suppression of immune cells rather

than directly killing tumor cells. These results indicated that the

AC of CD4+ Tn is not only a prognostic indicator for aNSCLC

but also strongly correlates with the efficacy of immunotherapy.

More importantly , the populat ion benefi t ing from

immunotherapy can be screened out from aNSCLCs based on

the AC of CD4+ Tn. It is significant to improve efficacy and

reduce ineffective immunotherapy in the clinic.

Studies have shown that immunotherapy can promote the

differentiation of Th cells and activation of CTLs in responded

patients, but that didn’t happen with chemotherapy (64).

Analysis of T lymphocyte subsets of peripheral blood in

pa t i en t s w i th me ta s t a t i c me l anoma a f t e r in i t i a l

immunotherapy showed increased expansion of peripheral T

lymphocyte subsets in patients who responded to treatment (65).

Considering that immunotherapy strategies are also important

factors, we further explored the relationship between the

treatment regime and the AC of CD4+ Tn.

For aNSCLC, adequate Tn is a prerequisite for

immunotherapy to be effective. Immunotherapy combined

with other immune-enhancing therapies can further improve

outcomes, such as APS, which can significantly improve the

function of humoral immunity and cellular metabolism (66, 67).

Chemotherapy can shrink tumors that are sensitive to cytotoxic

drugs. However, chemotherapy can cause side effects, such as

bone marrow suppression (68–70). In particular, repeated

chemotherapy can impair the proliferative function of cells,
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including the rapidly proliferating hematopoietic stem cells in

the bone marrow and Tn, Tscm, and Tcm in the peripheral

blood. As a result, immune dysfunction occurs when immune

cells do not complete the initial and memory immune responses

performed by Tn and Tm. When CD4+ Tn ≥ 5.5 cells/mL,
immunotherapy followed by chemotherapy had the highest

DCR in our study. Immunotherapy alone also had a higher

DCR than chemotherapy followed by immunotherapy.

Therefore, the sequence of treatment regimens could affect the

prognosis and efficacy of patients. Chemotherapy should be

avoided in patients when the AC of Tn is low, which reduces

damage to immune cells, and immune-boosting therapy should

be used at this time. Different clinical strategies should be used

for patients at different clinical stages, depending on the patient’s

immune status. In brief, these results suggest that the efficacy of

immunotherapy is closely related to the AC of CD4+ Tn.

This study analyzed the impaired Tn/Tm in aNSCLCs, its

prognostic value for immunotherapy, and implications for

combination treatment strategies. However, the study has

some limitations. For example, it lacks further clinical

validation in large samples, a multi-center study of CD4+ Tn

as a biomarker, and the mechanisms of Tn/Tm impairment.
Conclusion

This study suggested that the percentage and AC of Tn/Tm,

especially AC, showed varying degrees of damage in aNSCLC

and were associated with tumor progression. The multivariate

analysis indicated that only AC of CD4+ Tn was an independent

protective factor for PFS in aNSCLCs and a potential marker of

efficacy and prognosis in patients receiving immunotherapy. The

AC of Tn/Tm test in peripheral blood is simple to perform, cost

saving and helps to assess the overall immune status of aNSCLC

patients for clinical management. Moreover, our finding

suggests that immunotherapy conjugate other therapies such

as APS or followed by chemotherapy is of benefit for aNSCLCs.
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SUPPLEMENTARY FIGURE 1

Prognostic impact of naïve/memory T lymphocytes on PFS of NSCLCs: (A)
The percentage of CD4+ Tcm on the prognosis. (B) The AC of CD4+ Tcm

on the prognosis. (C) The AC of CD4+ Tem on the prognosis. (D) The
percentage of CD4+ Tte on the prognosis. (E) The AC of CD4+ Tte on the

prognosis. (F) The AC of CD8+ Tscm on the prognosis. (G) The percentage
of CD8+ Tcm on the prognosis. (H) The AC of CD8+ Tcm on the

prognosis. (I) The percentage of CD8+ Tem on the prognosis. (J) The
AC of CD8+ Temon the prognosis. (K) The percentage of CD8+ Tte on the

prognosis. (L) The AC of CD8+ Tte on the prognosis.
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SUPPLEMENTARY FIGURE 2

Prognostic impact of naïve/memory T lymphocytes on PFS of NSCLCs

received immunotherapy: (A) The percentage of CD8+ Tscm on the
prognosis. (B) The percentage of CD4+ Tcm on the prognosis. (C) The AC

of CD4+ Tcm on the prognosis. (D) The percentage of CD4+ Tem on the
prognosis. (E)The AC of CD4+ Tem on the prognosis. (F) The percentage of
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CD4+ Tte on the prognosis. (G) The AC of CD4+ Tte on the prognosis. (H)
The percentage of CD8+ Tn on the prognosis. (I) The AC of CD8+ Tn on the

prognosis. (J) The percentage of CD8+ Tcmon the prognosis. (K) The AC of
CD8+ Tcm on the prognosis. (L) The percentage of CD8+ Tem on the

prognosis. (M) The AC of CD8+ Tem on the prognosis. (N) The percentage
of CD8+ Tte on the prognosis. (O) The AC of CD8+ Tte on the prognosis.
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Cancer vaccines exhibit specificity, effectiveness, and safety as an alternative

immunotherapeutic strategy to struggle against malignant diseases, especially

with the rapid development of mRNA cancer vaccines in recent years.

However, how to maintain long-term immune memory after vaccination,

especially T cells memory, to fulfill lasting surveillance against cancers, is still

a challenging issue for researchers all over the world. IL-7 is critical for the

development, maintenance, and proliferation of T lymphocytes, highlighting its

potential role as an adjuvant in the development of cancer vaccines. Here, we

summarized the IL-7/IL-7 receptor signaling in the development of T

lymphocytes, the biological function of IL-7 in the maintenance and survival

of T lymphocytes, the performance of IL-7 in pre-clinical and clinical trials of

cancer vaccines, and the rationale to apply IL-7 as an adjuvant in cancer

vaccine-based therapeutic strategy.

KEYWORDS

IL-7, adjuvant, cancer vaccines, T cell immune response, T cell memory
Introduction

Immunotherapy now is experiencing its “golden age” recently, with the immune

checkpoint blocker (ICB) approved by the Food and Drug Administration for the

treatment of melanoma and lung cancer, which forever changed the balance in the

choice of methods of anticancer therapy (1, 2). The concept of immunotherapy
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implies antitumor immune response activation or/and

immunosuppression inhibition. As one of the critical

components of immunotherapy in oncology, cancer vaccines

show advantages in specificity, immunogenicity, and low toxicity

(3, 4). Unlike ICBs, a passive immunotherapeutic strategy,

cancer vaccines possess the capability to induce anti-tumor

immune responses actively (5). Moreover, cancer vaccines are

time- and labor-saving in manufacturing, when compared to

chimeric antigen receptor T cells therapy, making it more

feasible for most cancer patients. The current rapid

development of the mRNA cancer vaccine brings inspiring

results for cancer patients, making this field of research

scorching again (6, 7). Although different types of cancer

vaccines have been evaluated in clinical trials, few led to

satisfying clinical benefits. One of the underlying mechanisms

lies in the lack of long-term memory to maintain immune

surveillance to prevent the recurrence and metastasis of

cancers (3, 8). Increasing studies have revealed that the success

of cancer immunotherapeutics, especially cancer vaccines,

is critically dependent on the induction of memory

T-cell responses against cancers (9, 10). Moreover, the

administration of vaccines without immunomodulatory agents

is hard to reach the greatest effectiveness to stimulate the

antitumor immune response (11). Therefore, searching for
Frontiers in Immunology 02
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adjuvants, which will augment the efficacy of cancer vaccines

and contribute to building up a lasting immune memory against

cancers, was an attractive issue for researchers.

IL-7, encoded by the IL7 gene, is a 25 kDa secreted soluble

protein, which was initially discovered by Hunt et al. in 1987

when they explored the latent role of bone marrow stromal cells

in the development of the pre-B cell subset (12, 13).

Subsequently, increasing evidence proved that except for

thymocytes and stromal non-hematopoietic cells (14), IL-7 is

also secreted by lymphoid organs, non-lymphoid tissues, and

even cancers (15–20) (Figure 1). The receptor of IL-7 is a

heterodimer complex that comprises an IL-7Ra chain (CD127,

encoded by the IL7R gene) and a common g chain (CD132,

encoded by the IL2RG gene) shared with receptors for IL-2, IL-4,

IL-7, IL-9, IL-15 and IL-21 (21, 22). It has been reported that the

signaling of IL-7/IL-7R participates in the growth and survival of

T and B cell precursors critically (21). Recently, accumulating

evidence proved that IL-7 is not only the essential factor in every

stage of T cell development (23, 24) but also the crucial

component for the survival of naïve T cells as well as the

generation and maintenance of memory T cells (25, 26).

Furthermore, IL-7 was demonstrated to assist T cells to restore

homeostasis via the signal transducer and activator of

transcription 5 (STAT5)/Suppressor of cytokine signaling
FIGURE 1

Atlas of IL-7 production and IL-7R expression. IL-7 is mainly produced in but not limited to lymphoid organs, including bone marrow, thymus,
spleen, and lymphoid nodes. IL-7 is majorly generated by stromal cells but is also evidenced in epithelial cells, keratinocytes, dendritic cells, and
hepatocytes. The expression of IL-7R can be found in lymphocytes, monocytes, macrophages, erythroid cells, melanocytes, and alveolar cells.
This figure is created with BioRender.com and smart.servier.com.
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(SOCS) pathway (27) and guide T cell homing by inducing the

expression of chemokines and integrins (28, 29). In IL-7

knockout mice, a significant depletion of naïve T cells was

observed, which can be restored by administrating the

exogenous IL-7 (25). Except for T cells, IL-7 was also reported

to regulate the immune responses of natural killer cells, dendritic

cells, and B cells critically (30–32). As a cytokine therapy for

cancer treatment, IL-7 exerts superior activity to induce the

expansion of specific T cells against breast carcinoma than IL-2,

highlighting its antitumor adjuvant molecular role in

oncology (33).

Given the pleiotropic and robust biological effects of IL-7,

especially its role in the survival, development, proliferation, and

even maintenance of memory of T cells, several research teams

apply IL-7 as a molecular adjuvant to strengthen the

immunogenicity of cancer vaccines, as well as to maintain a

long-term memory response against cancers. Therapeutic cancer

vaccines aim to stimulate the immune responses in cancer

patients, especially T-cell responses, which have been proven

to be the predominant safeguard against tumors. Therefore, in

this review, we summarized the biological function and

mechanism of IL-7 and the signaling pathway of IL-7/IL-7R in

T cells, as well as the performance of IL-7 as an adjuvant in

combination with cancer vaccines in preclinical and clinical

trials. The rationale to utilize IL-7 as an adjuvant in combination

with cancer vaccines was also proposed.
Frontiers in Immunology 03
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The biological activity of IL-7
in T cells

IL-7 in T cell development

Lymphoid progenitors leave the bone marrow and migrate

to the thymus for further development into naïve T cells, which

were greatly influenced by IL-7 (Figure 2). In IL-7 -/- mice, the

development and maturation of gd T cells were restrained

significantly, indicating the crucial role of IL-7 in T cell

development (34). However, different stages of T cell

development in the thymus exhibit distinct demands on IL-7.

Pre-T cell progenitors lacking surface expression of CD4 and

CD8 are termed double-negative (DN) cells. Based on the

amount of CD44 and CD25, DN cells can be divided into four

subgroups (DN1-DN4). Development of T cells from DN1-2

thymocytes showed strong dependence on IL-7 (35), while anti-

IL-7 antibody led to the deprivation of T cell maturation by

interrupting the expansion of T cells at the DN2 stage (36).

Differentiation and proliferation of DN3-4 thymocytes also

require the presence of IL-7, while the self-renewal of DN4

cells can be substituted partially by the depletion of Bcl6 in the

absence of IL-7 (37). In contrast, IL-7 signaling does not

participate in the positive selection of CD4 CD8 double-

positive (DP), and the IL-7R is not evidenced on the surface of

these cells (38). Intriguingly, cells successfully going through the
B

C D

A

FIGURE 2

The biological function of IL-7 on T lymphocytes. (A) IL-7 contributes to the development of T cells in the thymus. (B) IL-7 boosts the
proliferation of T cells after stimulation by antigens. (C) IL-7 prolongs the survival of T cells. (D) IL-7 promotes the differentiation of memory T
cells. This figure is created with BioRender.com and smart.servier.com.
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selection express IL-7R again modulated by developmental T cell

antigen receptor (TCR)-dependent signals (39).
IL-7 in T cell survival

IL-7 was initially discovered as a survival factor for mouse T

and B cell precursors. It has been demonstrated that IL-7

activates the transcription factor NFATc1 in DN thymocytes

via phosphorylating Tyr371 to prolong the survival of DN

thymocytes, while deficiency in NFATc1 blocked thymocyte

development at the DN1 (40). Although DP cells are absent in

the expression of IL-7R, SP cells regain it to promote their

survival and induce the expression of CXCR4 to enhance the

recruitment in secondary lymphoid tissues (41, 42). However,

increasing evidence indicates that IL-7 fulfills its regulatory role

throughout the lymphoid system. Naïve CD4+ T cells consume

IL-7 for survival to achieve homeostasis in bone marrow

transplant recipients (43). Furthermore, IL-7 also regulates the

survival of mature and memory T cells via upregulating the

expression of Bcl-2 family proteins, leading to long-term

memory (44, 45). Additionally, dendritic epidermal gd T cells

show partial dependence on IL-7 for their survival (46).

Interestingly, tumor-bearing mice show a decreased level of

IL-7 in the spleen, indicating that insufficient IL-7 might fails

to support the survival of activated T cells, attenuating the T cell

immune responses against tumors (47).
IL-7 in T cell proliferation

As a highly pleiotropic cytokine, IL-7 provides proliferation

signals from hematopoietic stem cells to lymphocytes for their

efficient generation (25). At the stage of DN thymocytes, IL-7

appears to promote the proliferation of these cells by

upregulating the growth-facilitating genes CD98 in the Stat5-

dependent manner (37). After SP thymocytes regain the IL-7R

expression, IL-7 still fulfills its capability to stimulate the

proliferation of these cells (41). IL-7 facilitates the proliferation

of T cells in a concentration-dependent process. A higher

concentration of IL-7 stimulates the proliferation of T

lymphocytes, while a lower concentration maintains cell

survival (48). Administration of IL-7 directly results in an

increase in peripheral blood T cells and a broad TCR

repertoire diversity (49, 50), while a long-term injection of IL-

7 contributes to interrupting the proliferation of T cells, leading

to a sharp depletion of naïve T cells (36). Furthermore, the

administration of IL-7 in patients suffering from septic

syndrome promotes the proliferation of CD4+ and CD8+ T

cells in them, indicating the potential clinical application of

IL-7 for septic shock (51). Interestingly, IL-7 was found to

antagonize the immunosuppressive network, by abrogating the

Treg-mediated suppression (52) and reducing the proportion of
Frontiers in Immunology 04
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Treg cells and myeloid-derived suppressor cells (MDSC) (53,

54), even though IL-7 has little effect on the expansion of Treg

cells and MDSCs directly (47).
IL-7 in the maintenance of
T cell memory

After the clearance of pathogens or cancer cells, most of the

effector T cells die, and a small proportion of them turn into

memory T cells, maintaining the memory against the same

antigens (55, 56). During this differentiation process, the

critical role of IL-7 is highlighted. Several studies have revealed

that IL-7 improves the long-term immune responses against

pathogens by inducing naïve T cells to memory T cells (57, 58).

A high expression of IL-7R is evidenced in the memory T cells

subset, to maintain their survival by upregulating the anti-

apoptotic Bcl-2 family proteins (25, 41). The homeostatic

proliferation and maintenance of CD4+ memory T cells

heavily depend on the function of IL-7, while it has been

demonstrated that these features of CD8+ memory T cells

require both IL-7 and IL-15 jointly (59–61). Furthermore, it

has been reported that IL-7 is capable to induce more IL-7R+

long-living memory stem T cells, which can self-renew and

develop into effector T cells (62). Increased administration of IL-

7 can boost the specific memory immune responses against

cancer and viral infection (45). The adjuvanticity of IL-7 has

been verified to prolong the protective effects of vaccines by

inducing the production of memory T and B cells (63–65),

highlighting the potential to apply IL-7 as an adjuvant in

combination with cancer vaccines to struggle against cancer

cells via long-term memory protection.
The signaling pathway of IL-7/IL-7R

The receptor of IL-7, IL-7R, is a transmembrane

heterodimer composed of an IL-7Ra chain and a common g
chain. After the binding of IL-7, IL-7Ra dimerizes with the

common cytokine g chain and triggers kinase activation, while

IL-7Ra alone fails to prompt the kinase activity and induce

signal transduction (25, 66). The signaling of IL-7/IL-7R is

mainly transduced by Janus kinase (JAK)- STAT and

Phosphoinositide 3-kinase (PI3K)- Ak strain transforming

(AKT) pathways in T cells to fulfill the biological functions of

IL-7 (Figure 3).

When IL-7 combines with IL-7R, JAK1 and JAK3 are

recruited to IL-7Ra and g chain, and then phosphorylated,

respectively. Phosphorylated JAK1 and JAK3 create the

docking site for STAT5 recruitment and phosphorylation in

an IL-7-dependent pattern (67–69). As a transcription factor,

phosphorylated STAT5 dimerizes and translocates into the

nucleus, mediating the expression of downstream targeted
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genes associated with the survival and proliferation of T cells (47,

70). It has been reported that IL-7 prolongs the survival of T cells

by upregulating the expression of Bcl-2, Bcl-xL, and Mcl-1

proteins via the JAK-STAT signaling pathway (61).

Conversely, the inhibitor of JAK activation attenuates IL-7-

induced Bcl-2 protein expression (71). Moreover, IL-7

downregulates the expression of the pro-apoptotic genes, like

Bad, Bax, and Bim, to prevent apoptosis through the JAK-STAT

signaling (72, 73). These studies taken together revealed that the

survival of lymphocytes supported by IL-7 is dependent on the

JAK-STAT pathway to a large extent.

Another crucial pathway involved in the IL-7/IL-7R

signaling is the PI3K-AKT pathway. When IL-7 binds with IL-

7R, p85, a regulatory component of PI3K, is recruited and then

induces the phosphorylation of tyrosine449 in the IL-7Ra
cytoplasmic tail, which triggers the activation of PI3K and

then AKT (74). Subsequently, activated AKT participates in

the downstream targeted gene regulation by phosphorylating

transcription factor the Forkhead box protein 1 (FOXO1) (75).

As a targeted molecule of the PI3K-AKT pathway, degraded p27
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kinase inhibitor protein 1 (p27kip1) promotes the G1 to S phase

transition of T cells in the presence of IL-7, indicating IL-7 can

promote the proliferation of T lymphocytes via regulating the

expression of p27kip1 (76). Furthermore, the PI3K-AKT

signaling mediated by IL-7 was reported to regulate the

expression of glycolytic enzymes hexokinase II (HXK II) and

glucose transporter-1 (Glut-1), to increase the glucose uptake to

support the T cells’ survival and maintain homeostasis (77, 78).
IL-7 as an adjuvant for cancer
vaccines in preclinical research

Numerous preclinical trials have evaluated the potential

role of IL-7 as an adjuvant to strengthen the effectiveness

and long-term responsiveness of cancer vaccines. Here

we selectively summarized the performance of IL-7 as an

adjuvant in combination with cancer vaccines in preclinical

settings (Table 1).
FIGURE 3

IL-7/IL-7R signaling pathway. When IL-7 interacts with the IL-7R, the a chain and g chain dimerize. JAK1 and JAK3 were recruited to IL-7Ra and
g chains, separately. After phosphorylation, JAK1 and JAK3 phosphorylate and activate the transcription factor STAT5, which further upregulates
anti-apoptotic family genes expression and downregulates pro-apoptotic family genes expression via the JAK-STAT5 pathway. After the
interaction of IL-7 and IL-7R, recruited p85 induces the phosphorylation of the cytoplasmic tail of the IL-7Ra chain, which further triggers the
phosphorylation of the PI3K-AKT pathway. Activated PI3K-AKT signaling induces glucose metabolism regulator genes expression and impedes
the expression of cell cycle suppressor p27kip1 via FOXO1. This figure is created with BioRender.com and smart.servier.com.
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Cancer cell vaccines transfected with the IL-7 gene to

combat malignant diseases have been extensively explored (81,

82) (Figure 4A). Zhao et al. demonstrated that the production of

IL-7 in the cancer cell vaccines modified with the IL-7 gene was

active and stable in a soluble form, whereas tumor cells as the

control settings exhibited an undetectable level of IL-7.

Moreover, 10 ml supernatants of transfected cancer cells were

equivalent to 1 ng recombinant human IL-7 protein in

promoting T cell proliferation (82). Whole-cell cancer vaccines

expressing IL-7 showed robust prophylactic and therapeutic

effects against cancers, preventing tumor occurrence or

prolonging the survival time in mice models. Furthermore, a

higher infiltration of CD4+ and CD8+ T cells in the tumor

regions was determined, which was correlated with a better

survival outcome in the tumor-bearing mice (81, 82). Except for

transfection of the IL-7 gene in tumor cell vaccines, Jeong et al.

explored Mycobacterium smegmatis delivering a fusion protein

comprising human macrophage migration inhibitory factor

(MIF) and IL-7 as cancer vaccines to struggle against tumors

(79) (Figure 4B). This bacterial-based cancer vaccine induced

antitumor immune responses by recruiting effective T cells while

reducing the infiltration of myeloid-derived suppressor cells

(MDSCs) in the tumor environment. Intriguingly, an

enhanced antitumor effect of the vaccine was observed in

combination with programmed death-ligand 1 (PD-

L1) immunotherapy.

However, the most common method to apply IL-7 as an

adjuvant to enhance the antitumor effect of cancer vaccines in

preclinical research was the injection of recombinant human IL-

7 directly (83–86) (Figure 4C). Pellegrini and colleagues

evidenced that IL-7 treatment in combination with a virus-

based vaccine lead to a 3.5-10 fold increase in the number of

CD4+ and CD8+ T cells in tumor-bearing mice, as well as higher

infiltration levels of T lymphocytes in the tumor milieu

compared with the PBS treatment group (83). Adjuvant IL-7

also contributed to the prolonged survival of activated T cells,

enhanced effector responses, and increased production of

cytokines, which boost vaccine-elicited immunity and survival

in tumor-bearing mice. Furthermore, the same adjuvant effects

of IL-7 were demonstrated to promote the efficacy of DC-based

vaccines. Intriguingly, Pellegrini et al. also found that IL-7

possesses the capability to antagonize the Treg inhibitory

network, which might promote antitumor immunity. The

effects of recombinant human IL-7 as an adjuvant in

augmenting the number of tumor-infiltrating T cells, specific

antitumor immune responses, and survival time of tumor-

bearing models also have been revealed in other published

studies (84–86). Interestingly, Choi and colleagues novelly

fused IL-7 with an Fc fragment to enhance the mucosal

delivery across the genital epithelial barrier (Figure 4D),

aiming at testing the antitumor effects of intravaginal

administration of Fc-Fused IL-7 in combination with

human papillomavirus (HPV) DNA vaccines against cervical
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cancer (80). Intravaginal administration of IL-7-Fc induces the

recruitment of T cells and various cytokines and chemokines in

cervicovaginal tissue, while IL-7 fails to do so. Furthermore,

topical administration of IL-7-Fc in combination with the PHV

vaccine increased a higher number of HPV-specific CD8+ T

lymphocytes and exhibited a greater therapeutic effect against

cervical cancer. This research highlighted the possibility to apply

Fc-fused IL-7 as an adjuvant to strengthen the cellular immunity

induced by vaccines in the genital mucosa to struggle

against cancers.

However, the adjuvant capability of IL-7 contributing to

cancer vaccines was not only limited to inducing a short-term

antitumor effect but also stimulating a long-term T cell memory

against cancers. Previous studies have reported that cancer

vaccines in combination with IL-7 induced a higher

proportion of specific CD8+ and CD4+ memory T cells in

mice models bearing tumors and improve the functionality of

specific CD8+ memory T cells by enhancing their IFN-g
secretion (81, 84). Furthermore, T cell memory elicited by

cancer vaccines and IL-7 protected tumor-free mice model

from a second tumor challenge (81, 85). Preclinical research

highlighted that adjuvant IL-7, when combined with cancer

vaccines, contributes to the generation and maintenance of T

cell memory, which is the critical component to building up

immune surveillance to restrict the recurrence and even

metastasis of cancers. Therefore, the adjuvant value of IL-7 for

cancer vaccines is further explored in clinical trials.
The advance of adjuvant IL-7 in
combination with cancer vaccines in
clinical trials

Preclinical studies have proved that IL-7 could serve as an

ideal adjuvant for cancer vaccines to combat cancers. Therefore,

based on these preclinical practices, several clinical trials

utilizing IL-7 as an adjuvant for cancer vaccines to struggle

against malignant diseases were initiated and some encouraging

results have been achieved, as summarized in Table 2.

In the early stage, several clinical trials focus on the

development of IL-7 gene-modified tumor cells as a cancer

vaccine for patients with advanced malignant diseases (89–91).

For instance, in a clinical phase I study launched byWestermann

and colleagues, they immunized renal cell cancer (RCC) patients

with IL-7 and CD80 genes cotransfected RCC tumor cells cancer

vaccine (89). This vaccination has been proven to be feasible and

safe with no grade III/IV adverse events (AEs) occurring.

Throughout the trial, 5 out of 10 patients developed stable

disease (SD) and the median time to progression was 18

weeks, while the median overall survival (OS) was 40 months

in all. However, vaccination with IL-7 gene-modified RCC cells

induced a TH2-predominant but not TH1-polarized immune
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TABLE 1 Adjuvant effect of IL-7 in cancer vaccine treatment summarized from selective preclinical studies.

Year Cancer
vaccine

Form of
IL-7

Targeted
cancer cell

lines

IL-7 dose/
route

Combination
therapy

Study
models

Study results Reference

2021 Recombinant
Mycobacterium
smegmatis
delivering a
fusion protein
of human MIF
and IL-7

IL-7 gene
inserted in
Recombinant
Mycobacterium

The MC38,
LLC, and
PanO2 cells

The mice were
treated with
peritumoral
injections of
mycobacterium
(2×106 bacteria/
mice) on days 3,
7, and 14.

Anti-PD-L1
antibody

Seven-
week- Old
female
C57BL/6
mice

Cancer vaccine treatment led to
increased activation of CD4+ and
CD8+ T cells in the tumor regions of
vaccinated mice, contributing to the
antitumor effect. Moreover, cancer
vaccine treatment exhibited an
enhanced anticancer effect with anti-
PD-L1 immunotherapy, in tumor-
bearing mouse models.

(79)

2016 HPV DNA
vaccine

human IL-7
fused with a
hybrid Fc-
fragment,
which contains
the upper CH2
domain of
IgD, and the
last CH2 and
CH3 domains
of IgG4

The TC-1 cell
line
cotransformed
with the
HPV16 E6, E7
gene

Mice were
intravaginally
administered with
IL-7-Fc (1 mg/kg)

None 8 to 10
weeks
female
C57BL/6
mice

Topical administration of IL-7-Fc after
HPV DNA vaccination increased the
quantity of HPV-specific CD8+ T
lymphocytes in the genital mucosa,
resulting in a stronger anticancer
immunity than HPV DNA vaccine
alone. Mice cotreated with HPV
vaccine and IL-7-Fc exhibited
significantly attenuated tumor growth
and promoted survival rate.

(80)

2016 Whole-cell
cancer vaccine
coexpressing
IL-7 and IL-21

IL-7 gene
transfected in
tumor cell
vaccine

Murine
melanoma
B16F10 cells
and colon
carcinoma
CT26 cells

Mice were
vaccinated s.c.
with 1×106

vaccine cells twice
at a one-week
interval in the
prophylactic
setting. In the
therapeutic
setting, mice were
treated with two
doses of 1×107

irradiated vaccine
cells

IL-21 Female
C57BL/6
and Balb/c
mice

Cytokine production in vaccine cell
lines was confirmed. IL-21 and IL-7
co-expressing cancer cell vaccine
protected mice from tumor challenges
in prophylactic and therapeutic
models. Furthermore, the vaccine
enhanced the infiltration of CD8+ and
CD4+ T cells in the tumor region.
Notably, long-term memory antitumor
immunity was demonstrated after
vaccine treatment in mice.

(81)

2014 Autologous
tumor cell
vaccine
modified with
nonlytic
Newcastle
disease virus
strain LX
expressing IL-7
(LX/(IL-7))

IL-7 gene
transfected in
tumor cell
vaccine

The EL-4
murine
lymphoma cell
line, and B16-
F10 murine
melanoma cell
line

Mice were
immunized with
1×106 irradiated
cancer cell vaccine
LX/(IL-7) s.c. for
prophylactic or
therapeutic
purpose

None Pathogen-
free 6-
week-old
female
C57BL/6
mice

The gene IL-7 product in cancer cell
vaccine LX/(IL-7) was active and
stable. This vaccine exhibited great
prophylactic and therapeutic effects
against tumors. Tumor-specific CD8+

T cells with higher IFN-g expression
and cytotoxicity were evidenced in
models compared to control. However,
the percentage of memory T cells was
not significantly modified by the
vaccine treatment group.

(82)

2009 LCMV,
mimicking a
live viral
antitumor
vaccine/In
vitro–
differentiated
DCs pulsed
with GP33,
GP276 and
GP61

Recombinant
human IL-7

Pancreatic b-
islet cell
tumors.

Eight days after
vaccination, mice
received 10 mg of
recombinant
human IL-7 s.c.
daily for 2 weeks.

None RIP-TAG2
transgenic
mice

Survival of IL-7–treated mice was
prolonged compared to control mice.
IL-7–treated mice with tumors had a
3.5- to 10-fold increase in both CD4+

and CD8+ T cell numbers while
tumors from IL-7–treated mice were
heavily infiltrated with both CD4+ and
CD8+ T cells, compared to PBS
control mice. Furthermore, Mice
receiving DC vaccination together with
IL-7 also exhibited an elevated
antitumor response.

(83)

2009 Recombinant
lentivectors

Recombinant
human IL-7

None Mice received
intraperitoneal

None HLA-
A*0201/H-

IL-7 adjuvant promoted the
proliferation of the Melan-A-specific

(84)

(Continued)
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response against RCC in most patients. In another phase I/II

clinical trial, Wittig and colleagues cotransfected IL-7 and

granulocyte-macrophage colony-stimulating factor (GM-CSF)

genes in autologous tumor cells as a therapeutic vaccine to

immunize patients with progressive metastatic carcinoma (90).

This vaccine was clinically tolerable with no AEs being observed.

Increased level of IL-7 was evidenced in the serum of the patients

after treatment. At the endpoint of the study, 2 out of 10 patients

achieved SD while 5 remained in progressive disease. The

number of CD3+, CD8+, and CD56+ lymphocytes increased

postvaccination. Intriguingly, the cytotoxicity of peripheral

blood lymphocytes of patients elevated significantly during

treatment, demonstrating that the IL-7-expressing tumor cell

vaccine was immunological and capable to stimulate a robust

immune response against metastatic cancers.

Recently, some clinical studies attempt to administer

recombinant human IL-7 in cancer patients subcutaneously as

an adjuvant for cancer vaccines (87, 88). In a phase I/II clinical

trial (NCT00923351) (88), recombinant human IL-7 was

administered to pediatric sarcoma patients on days 0, 14 ± 7

d, 28 ± 7 d, and 42 ± 7 d after receiving autologous tumor lysate-

pulsed DCs vaccination. No grade III/IV AEs were reported

during the treatment. Encouragingly, IL-7 recipients showed a

higher number of circulating CD4+, CD8+ T cells, and NK cells
Frontiers in Immunology 08
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than the subjects who did not receive IL-7, exhibiting the great

potential of IL-7 to induce immunological reconstitution.

Moreover, the administration of IL-7 decreased the proportion

of regulatory T (Treg) cells in patients. Regrettably, there was no

difference in OS between the patients treated ± IL-7. Another

phase II clinical study (NCT01881867) (87), initiated by

Pachynski et al., reported that subcutaneous administration of

IL-7 resulted in the expansion of CD4+, CD8+, and gd T cells in

prostate cancer patients treated with sipuleucel-T, a therapeutic

cancer vaccine proved by Food and Drug Administration (92).

Furthermore, increased levels of intracellular cytokines were

revealed in CD4+,gd T cells, and NK cells. Notably, increased

levels of IL-2, TNF-a, IFN-g, and IL-6 were demonstrated in the

memory subsets, indicating that IL-7 possesses the capability to

stimulate the memory immune responses against cancers.

Although the IL-7 group does show tails of the curves in both

OS and progression-free survival (PFS), this trial failed to

evidence a significantly improved OS and PFS in the IL-7 arm.

Taking these clinical data together, adjuvant IL-7 exhibited

great potential in immunological reconstitution, including

prompting expansion of T cells, inducing cytokine production,

maintaining memory response, and arousing resistance to

immune suppression, when combined with cancer vaccines to

struggle against tumors. Moreover, IL-7 was clinically well-
TABLE 1 Continued

Year Cancer
vaccine

Form of
IL-7

Targeted
cancer cell

lines

IL-7 dose/
route

Combination
therapy

Study
models

Study results Reference

encoding the
HLA-A2–
restricted
Melan-A26-35
peptide

injections of 5 mg
human
recombinant IL-7
daily after
vaccination.

2Kb
transgenic
mice

effector and memory CD8+ T cells and
enhanced their immune responses
after vaccine immunization. The
functionality of Melan-A-specific
memory CD8+ T cells was improved
after IL-7 treatment.

2007 GM-CSF
expressing
B16F10 and
CT26 tumor
cell vaccine

Recombinant
human IL-7

The B16F10
melanoma and
the CT26
colon
carcinoma cell

Mouse received
10mg IL-7
administration by
s.c. injection, three
injections per
week for a total of
3 weeks.

GM-CSF 8 to 12
weeks
female
C57BL/6
mice and
BALB/c
mice

IL-7 treatment increased the survival
of tumor-bearing mice after vaccine
administration. IL-7 augmented the
number of activated and tumor-
infiltrating T cells and specific immune
responses in vaccine-receiving mice.
Furthermore, a tumor-specific memory
response induced by IL-7 protected
mice from a second tumor challenge.

(85)

2006 Monocyte-
derived DCs
pulsed with
tumor antigen
KLH

Recombinant
human IL-7

None PBMCs were
treated with IL-7
in a dose-
dependent method

Recombinant
human IL-15

PBMCs
from
patients
with
metastatic
renal cell
carcinoma
of the
clear-cell
type

IL-7 induced much stronger
proliferation in post- than in
prevaccine PBMCs in a dose-
dependent manner, while IL-7 induced
IFN-g production in postvaccine
PBMCs but not in prevaccine PBMCs.
However, a synergetic effect of IL-7
and IL-15 on the proliferation of
PBMCs was not evidenced.

(86)
fro
MIF, Macrophage migration inhibitory factor; PD-L1, Programmed death-ligand 1; HPV, Human papillomavirus; DNA, Deoxyribonucleic acid; s.c., subcutaneous; LCMV, Lymphocytic
choriomeningitis virus; GP, Glycoprotein; RIP, Rat insulin promoter; TAG2, SV40 large T antigen; HLA, Human leukocyte antigen; DC, Dendritic cell; KLH, Keyhole limpet hemocyanin;
PBMC, Peripheral blood mononuclear cell.
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tolerant for cancer patients. Unfortunately, the clinical outcome

of the patients who received the IL-7 treatment is still

unsatisfying, with no enhanced OS or PFS have been

demonstrated. However, the population enrolled in these

clinical studies is limited. With more subjects included in

trials, the survival benefits of the IL-7 arm might be evidenced

statistically. More preclinical and clinical studies are encouraged

to explore the potential role of IL-7 as an adjuvant for the

development of cancer vaccines.
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Proposal of IL-7 as an adjuvant for
cancer vaccines in clinical practice
The early-stage clinical trials focus on designing tumor cell

cancer vaccines expressing adjuvant molecular IL-7. At least

1x106 IL-7-cotransfected tumor cells were administrated

subcutaneously in cancer patients with a minimum of four

injections. However, in current clinical trials, direct
B

C D

A

FIGURE 4

The adjuvant platform of IL-7 for cancer vaccines in preclinical and clinical trials. (A) Cancer vaccine tumor cells are transfected with the
adjuvant IL-7 gene and then produce IL-7 stably. (B) Bacteria are transfected with the adjuvant IL-7 gene and then produce IL-7 stably. (C)
Direct administration of human recombinant IL-7 as an adjuvant in combination with cancer vaccines. (D) IL-7 fused with the Fc region of the
antibody as an adjuvant. This figure is created with BioRender.com and smart.servier.com.
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TABLE 2 Clinical trials of cancer vaccines combined with IL-7 as an adjuvant for the treatment of malignancy.

Vaccine Trial ID Phase Enrollment malignancy IL-7 dose/route Timing/ Combination Study results Enrolled
population

Reference

IL-7 was well tolerated. IL-7 led to a
feration of CD4+ and CD8+ T cells.
ssion of IL-2, TNFa, IFN-g, and IL-6 was
central memory and effector memory T
roved PFS or OS in the IL-7 treatment
rved.

54 (87)

Es were reported. An increased number
8+ T cells was evidenced in the IL-7
. Moreover, IL-7 down-regulates the
ulatory T cells in patients. No difference
ubjects treated ± IL-7 was observed.

43 (88)

clinically safe, with no grade 3/4
observed. 50% of the patients showed SD
study and the median time to progression
hile the median OS
T cell responses were predominantly
e was a decline of Treg cells in three

10 (89)

e detected in all patients. IL-7 level was
erum of the patients after treatment.
d SD after treatment while five patients
with PD. A significant increase in
lls subset from 21.5 to 25.6% in all
84 was evidenced. Cytotoxicity of
lymphocytes increased significantly
t.

10 (90)

of MGN1601 to RCC patients was well
1601-treated patients showed significantly
er the untreated patients. After
ibodies against TAA were demonstrated
.

19 (91)

NA NA
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status length
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therapy

adjuvant

Sipuleucel-T NCT01881867 II Completed Metastatic
castration-
resistant
prostate
cancer

10 µg/kg/s.c. IL-7 was given
weekly×4 or
until the
unacceptable
AE(s)
occurred

None Treatment with
significant prol
Increased expre
demonstrated i
subsets. No im
group were obs

Autologous
tumor lysate-
pulsed DCs
vaccination

NCT00923351 I/II Completed Metastatic and
recurrent
pediatric
sarcomas

20mg/kg/s.c. IL-7 was given
on days 0, 14
± 7 d, 28 ± 7
d, and 42 ± 7
d.

None No grade 3/4 A
of CD4+ and C
treatment grou
frequency of re
in OS between

RCC26/IL-7/
CD80 (IL-7/
CD80
cotransfected
allogeneic renal
cell cancer)

NA I Completed Progressive
metastatic
clear cell RCC

Patients were
immunized with 2.5–
4.0x106 RCC26/IL-7/
CD80, 1x106 RCC26/
IL-7/CD80 vaccine
cells were able to
produce ~4.5x103 pg
IL-7/s.c.

2.5x106 cells
at weeks 1, 2,
4, and 6;
10x106 cells at
weeks 8, 10,
12, and 14;
and 40x106

cells at weeks
18 and 22.

CD80
(cotransfected in
RCC cells)

Vaccination wa
toxicities being
throughout the
was 18 weeks w
was 40 months
TH2 type. Ther
patients.

Autologous IL-7
and GM-CSF
cotransfected
tumor cells

NA I/II Completed Metastatic
colon
carcinoma,
renal cancer,
and melanoma

Patients received at
least four injections
of 1x106 autologous
tumor cells
transfected with the
IL-7 gene/s.c.

Patients
received four
injections of
vaccines on
days 0, 14, 28,
and 56,
respectively.

GM-CSF
(cotransfected in
autologous tumor
cells)

No AEs could
elevated in the
Two patients h
were confirmed
CD3+CD8+ T c
patients on day
peripheral bloo
during treatme

MGN1601
vaccine
(genetically
modified
allogeneic tumor
cells for the
expression of IL-
7, GM-CSF,
CD80, and
CD154)

NCT01265368 I/II Completed Advanced
renal cell
carcinoma

MGN1601 was
injected
intradermally eight
times.

Within 12
weeks.

GM-CSF, CD80,
and CD154
(cotransfected in
autologous tumor
cells)

Administration
tolerated. MGN
increased OS o
vaccination, an
in RCC patient

Melanoma
peptide vaccine

NCT00091338 I Completed Melanoma NA/s.c. Patients
received IL-7
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Freund’s adjuvant
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administration of human recombinant IL-7 subcutaneously as

an adjuvant in combination with cancer vaccines is the preferred

method. The dose of IL-7 injection varies from 10 µg/kg to 20

µg/kg in cancer patients while at least four doses were

administered. Since direct injection of IL-7 as an adjuvant has

been proven to be safe and effective, IL-7-cotransfected tumor

cell vaccine, which is labor- and time-consuming in

manufacturing, seems to be unsuitable and inconvenient in

clinical practice. Although direct administration of IL-7 as an

adjuvant is more practical, the dose, routine, and time length of

IL-7 therapy still need to be optimized according to furthermore

clinical trials.

To achieve an effective and long-lasting T cell immune

response against cancer to the greatest extent, a combination

with other cytokines when utilizing IL-7 as an adjuvant agent for

cancer vaccines is recommended. It is crucial to choose suitable

chaperone adjuvants rather than a single agent to regulate a full

palette of immune responses to combat tumors comprehensively.

IL-2 and IL-7 have been well demonstrated to enhance the T cell

responses (93), indicating the potential role of IL-2 in combination

with IL-7 as adjuvants for cancer vaccines. Another cytokine, IL-

15, was also well-defined to boost T cell responses, as well as to

maintain long-lasting T cell memory against cancers (94).

Intriguingly, antigen-activated T lymphocytes incubated with IL-

7 and IL-15 exhibited a more robust capability to induce regression

of melanoma and 4T1mammary carcinoma in comparison to IL-2

alone (33, 95). Moreover, previous studies have indicated that the

proliferation andmaintenance of CD8+ memory T cells require IL-

7 and IL-15 jointly (59–61). However, dose-related adverse events

of administration of IL-2 and IL-15, like fever and serious

biochemical abnormalities in the liver and kidney should not be

ignored (96). Furthermore, IL-2 and IL-15 were evidenced to

maintain immunosuppressive Treg cells in the periphery and

induce the expression of immunosuppressive receptors, resulting

in attenuated immune responses (97). To circumvent the

immunosuppression induced by combined cytokines, ICB

is suggested.

Although the antitumor role of IL-7 in combination with

cancer vaccine has been revealed, there is still a “dark side” that

needs to be emphasized. IL-7 was evidence to promote cell

viability, cell cycle progression, and growth of T-cell acute

lymphoblastic leukemia (T-ALL) in vitro (98). Moreover, in

vivo experiments exhibited that the consumption of IL-7

contributes to the development of T-ALL, while IL-7

deficiency reduced the proliferation of leukemia cells (21, 99).

Coincidently, IL-7 can also induce the expansion of B-ALL cells

(100) and boost the tumorigenesis of B cells in IL-7 transgenic

mice (101). These collected facts highly indicated that IL-7 acts

as a tumor-promoting factor during the occurrence and

progression of hematopoietic malignancy. Therefore, it is

unpracticable to apply IL-7, a cytokine that contributes to

leukemia development, as an adjuvant for cancer vaccines

against hematopoietic malignancy for safety considerations.
T
A
B
LE

2
C
o
n
ti
n
u
e
d

V
ac
ci
n
e

T
ri
al

ID
P
ha
se

E
n
ro
llm

en
t

st
at
us

m
al
ig
n
an

cy
IL
-7

do
se
/r
ou

te
T
im

in
g/

le
n
gt
h

of
IL
-7

th
er
ap
y

C
om

bi
n
at
io
n

ad
ju
va
n
t

St
u
dy

re
su
lt
s

E
n
ro
lle
d

po
pu

la
ti
on

R
ef
er
en
ce

co
m
pr
is
in
g

gp
10
0
an
ti
ge
n

an
d
M
A
R
T
-1

an
ti
ge
n

on
da
ys

0,
3,

6,
9,
12
,1

5,
18
,a
nd

21
.

IL
-7
,i
nt
er
le
uk

in
7;
µg
,M

ic
ro
gr
am

;k
g,
K
ilo

gr
am

;s
.c
.,
Su
bc
ut
an
eo
us
;A

E
s,
A
dv
er
se

ev
en
ts
;P

FS
,P

ro
gr
es
si
on

-f
re
e
su
rv
iv
al
;O

S,
ov
er
al
ls
ur
vi
va
l;
D
C
,d
en
dr
it
ic
ce
ll;
R
C
C
,R

en
al
ce
ll
ca
rc
in
om

a;
pg
,P

ic
og
ra
m
;S
D
,S
ta
bl
e
di
se
as
e;
T
H
2,
T
he
lp
er

2;
P
D
,P

ro
gr
es
si
ve

di
se
as
e;
T
A
A
,T

um
or
-a
ss
oc
ia
te
d
an
ti
ge
n;

gp
,G

ly
co
pr
ot
ei
n;

M
A
R
T
-1
,M

el
an
om

a
an
ti
ge
n
re
co
gn
iz
ed

by
T
ce
lls

1;
N
A
,N

ot
av
ai
la
bl
e.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.1022808
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhao et al. 10.3389/fimmu.2022.1022808
Conclusion

Various factors affect the immunogenicity of cancer vaccines,

like the selection of antigens (102), the choice of adjuvant (103),

and even the delivery vehicles that are applied in the

administration strategy (104). To stimulate an effective and long-

lasting T cell memory response, cancer vaccines incorporated with

adjuvant IL-7 to combat cancers were initiated in numerous

experiments. The biological role of IL-7 in the development,

survival, proliferation, and memory maintenance of T cells was

summarized while the signaling of IL-7/IL-7R was summed up in

this manuscript. These facts highlighted the feasibility to apply IL-7

as an adjuvant in combination with cancer vaccines. Preclinical

researches bring inspiring results for the rationale to apply IL-7 as

an adjuvant for cancer vaccines while further clinical trials enhance

this notion. Although boosted T cell expansion and enhanced T

cell memory were evidenced in clinical trials when administrating

IL-7 as an adjuvant combined with cancer vaccines, the clinical

outcomes of cancer patients are still far from satisfactory.

Currently, it is still hard to give a conclusion that IL-7 can serve

as an ideal adjuvant for cancer vaccines from such a limited

number of clinical trials, therefore, clinical trials concerning IL-7

as an adjuvant for cancer vaccines, to fulfill efficacious T cell

responses and long-lasting T cell memory against tumors, are

urgently encouraged. Here, we also proposed some suggestions on

how to utilize IL-7 as an adjuvant incorporated with cancer

vaccines, including the form, dose, and chaperone cytokine of

IL-7, which might be of value to researchers.
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Anti-tumor memory CD4
and CD8 T-cells quantified
by bulk T-cell receptor (TCR)
clonal analysis

Yanhua Gao1 and Ira Bergman1,2,3*
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Medicine, Pittsburgh, PA, United States, 2Department of Neurology, University of Pittsburgh School of
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Simple, reliable methods to detect anti-tumor memory T-cells are necessary to

develop a clinical tumor vaccination program. A mouse model of curative viral

onco-immunotherapy found that peritoneal tumor challenge following cure

identified an oligoclonal anti-tumor memory CD4 and CD8 T-cell response.

Clonotypes differed among the challenged animals but were congruent in blood,

spleen and peritoneal cells (PC) of the same animal. Adoptive transfer

demonstrated that the high-frequency responding T-cells were tumor specific.

Tetramer analysis confirmed that clonotype frequency determined by T-cell

receptor (TCR)- chain (TRB) analysis closely approximated cell clone frequency.

The mean frequency of resting anti-tumor memory CD4 T-cells in unchallenged

spleen was 0.028% and of memory CD8 T-cells was 0.11% which was not high

enough to distinguish them from background. Stimulation produced a mean

~10-fold increase in splenic and 100-fold increase in peritoneal anti-tumor

memory T-cell clonotypes. This methodology can be developed to use blood

and tissue sampling to rapidly quantify the effectiveness of a tumor vaccine or

any vaccine generating therapeutic T-cells.

KEYWORDS

memory T cells, T-cell receptor clonotypes, immune repertoire analysis, tumor
vaccination, clonotype analysis
Introduction

Vaccination to generate antibody-mediated protection from infectious diseases has

been a spectacularly successful, inexpensive, public health measure, rivaled in effectiveness

only by cleanliness of water and society. T-cells, the alternative effector of the adaptive

immune system, have not been harnessed to prevent human disease. The only possible

exception may be BCG vaccination which, in some populations, has reduced the incidence

of severe tuberculosis (1). One reason for this failure is the lack of a simple, reliable and

valid measure of T-cell memory (2). EliSpot is widely used but long incubations with
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multiple cell types and biologic reagents make it a complex

procedure that is difficult to standardize. Validation of high

EliSpot response with clinical effectiveness has not been

consistently shown. Tetramer analysis, once the tetramer is

compounded, is simple and reliable but not available for almost

any CD4 antigens and only a small number of CD8 antigens. The

lack of a quantifiable memory T-cell response prevents incremental

progress in vaccine development because the only outcome measure

is clinical success or failure. The goal of this project was to use

recent developments in next generation sequencing (NGS) and

TCR clonal analysis to develop a simple, easily standardized

measure of anti-tumor CD4 and CD8 memory T-cell response.
Materials and methods

Cells, antibodies, chemicals and animals

D2F2/E2 cells, a mouse mammary tumor line that has been

stably transfected with a vector expressing the human HER2/neu

gene and its parent cell line, D2F2 were a generous gift from Dr.

Wei-Zen Wei, (Karmanos Cancer Institute, Wayne State

University, Detroit, MI USA). Early passage cells were frozen and

periodically thawed for experimental use or restocking.

Mycoplasma testing was negative using the Impact III PCR

profile from IDEXX (RADIL, Columbia, MO, USA). Anti-CTLA4

monoclonal antibody (mAb 9H10) was obtained commercially

(BioXcell Fermentation/Purification Services #BE0131, West

Lebanon, NH, USA) as was cyclophosphamide (Bristol-Myers

Squibb Co., Princeton, NJ, USA). Mice were 8 to 20 weeks of age

and weighed 20-25 g. Thy 1.2 BALB/c were obtained from Taconic

(Hudson, NY). Animal studies were approved by the University of

Pittsburgh institutional Animal Care and Use Committee (IACUC

Protocol #: 21028761).
Replicating recombinant vesicular
stomatitis virus (rrVSV)

A replicating virus expressing the following properties was

created from vector components as previously described (3):

Preferential infection of cells expressing human HER2/neu,

expression of mouse granulocyte-macrophage colony-stimulating

factor, and expression of enhanced green fluorescent protein.

Construction used vectors generously supplied by Dr. John K.

Rose (Department of Pathology, Yale University, New Haven, CT,

USA) and Genentech Inc., South San Francisco, CA, USA).
Tumor implants and treatment

Female BALB/c mice weighing 20-25g and aged 8-20 weeks

were implanted intraperitoneally (IP) with 2 x 106 D2F2/E2 cells in

300 µl PBS. Viral immune-oncotherapy consisted of treatment on

day 3 after peritoneal implant with IP rrVSV, 1 x 108 ID, on day 4

with 200 µg anti-CTLA4 mAb IP and on day 5 with
Frontiers in Immunology 0257
cyclophosphamide (CTX), ~100 mg/kg IP. Cure was defined by

survival without any symptoms of disease for >100 days after tumor

cell implantation. Control mice received the same viral immune-

oncotherapy but were never implanted with tumor.
Memory T-cells

Memory T-cells were obtained from spleens, peritoneal cells or

blood of cured animals and controls. Animals were sacrificed prior

to spleen cell harvesting. Spleens were harvested, minced and

ground through a 70 µM nylon cell strainer (#352350, BD Falcon,

Franklin Lakes, NJ). Red blood cells were removed using RBC lysis

buffer (Alfa Aesar, J62150AP). Peritoneal washings were performed

by injecting 10 ml of sterile PBS into the peritoneum through a 16-

gauge needle which was left in place. Two minutes later all the fluid

that could be aspirated easily into the syringe was collected, ~ 9 ml.

All cells were washed twice with PBS and re-suspended in PBS.

Peripheral blood was collected by submandibular punch and

dripping the blood into a heparinized tube. Mononuclear cells

were separated using Lymphocytes Separation Medium. CD4 and

CD8 T-cells were isolated by flow cytometry (see below).
Adoptive therapy and tumor challenge

Peritoneal tumors were established in host animals and treated

3 days later by adoptive transfer of splenocytes from cured animals.

As previously described, host animals were pre-treated with

cyclophosphamide one day before transfer of memory cells (4).

Tumor challenge to cured or control mice was achieved by injecting

2 x 106 D2F2/E2 cells IP.
Flow cytometry

Peritoneal cells were suspended in ice-cold PBS/0.1% BSA/0.2%

Azide and stained with combinations of the following antibodies:

CD4- APC-eFluor 780 (eBioscience 47-0041-82), CD8a- PE-

Cyanine7 (eBioscience 25-0081-82), CD90.2-PE (BD 553006),

Live-Dead fixable red Kit (Life Science, NC0836452) and H-2K

(d)/TYLPTNASL, human HER2 p63 tetramer conjugated with APC

(NIH Tetramer Core Faci l i ty at Emory Univers i ty) .

Immunofluorescence was quantified using a LSR Fortesa (Becton

Dickinson, Mountainview, CA, USA) and cell sorting was

performed using a FACSAria II machine (Becton Dickinson) (5).
RNA extraction

RNA extraction was completed using Qiagen’s RNeasy Plus

Micro kit (Qiagen:74034), according to the manufacturer’s

instructions with DNA elimination columns. Briefly, cells were

pelleted in a centrifuge at 4°C for 8 minutes at 800xg, then lysed

in RLT buffer with beta- mercaptoethanol. RNA was eluted with 22

µl of RNase/DNase free H20. RNA quality was assessed using an
frontiersin.org
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Agilent HS RNA ScreenTape (Agilent: 5067-5579) on an Agilent

2200 TapeStation. RNA concentration was quantified with a Qubit

HS RNA assay kit (Invitrogen: Q32855) on a Qubit 4

(Invitrogen: Q33238).
TCR-seq library generation

Libraries were generated with the Takara SMARTer Mouse

TCR a/b profiling kit (Takara: 634403) according to the

manufacturer’s instructions. Twenty-one cycles were used for

PCR1, after which 1 ml of product was used for indexing PCR2

with 19 cycles. Samples with RNA concentrations ≤ 1.0 ng/µl RNA

used 22 cycles for PCR1, after which 2 ml of product was used for

indexing PCR2 with 19 cycles. Library assessment and

quantification was done using Qubit 1x HS DNA assay kit

(Invitrogen: Q33231) on a Qubit 4 fluorometer, and a HS NGS

Fragment kit (Agilent: DNF-474-1000) on an Agilent 5300

Fragment Analyzer. Libraries were normalized and pooled by

calculating the nM concentration based off the fragment size

(base pairs) and the concentration (ng/ml) of the libraries.
TCR-seq library sequencing

Sequencing was performed on an Illumina MiSeq using a MiSeq

600 v3 flow cell (Illumina: MS-102-3003). The pooled library was

loaded at 13.5nM with 10% PhiX, generating 2x300 bp paired-end

reads. Library generation and sequencing was performed by the

University of Pittsburgh Health Sciences Sequencing Core (HSSC),

Rangos Research Center, UPMC Children’s Hospital of Pittsburgh,

Pittsburgh, Pennsylvania, United States of America.
TCR repertoire analysis

MiXCR (platform 3.0.13; MiLaboratories Inc, Sunnyvale, CA,

USA) was used to align and assemble the raw paired-end Fastq files

sequencing reads and assemble identical and homologous reads into

clonotypes, correcting for PCR and sequencing errors. The program

provided detailed information for each clone, including fractions,

counts, nucleotide sequence, and amino acid sequence, as well as

alignments for multiple samples, repertoire overlap analysis,

diversity estimation and segment usage (6). Mouse NKT TRA

clonotypes, identified by the canonical CDR3 sequence,

CVVGDRGSALGRLHF, were excluded from analysis (7, 8) as

were mouse MAIT TRA clonotypes, identified by the canonical

CDR3 sequence, CAVRDSNYQLIW (9). This methodology does

not exclude TRB clonotypes associate with NKT or MAIT cells but

the NKT TRA clonotype was never found at high frequency in

peritoneal cells following tumor stimulation indicating that the high

frequency response did not contain any NKT cells. Mouse MAIT

TRA clonotypes were never found at high frequency in any sample

suggesting that these cells were not a confounder in this work.

Finally, results for TRA clonotypes, which have definitely excluded
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NKT and MAIT cells are provided for all analysis and do not

change any of the conclusions.
Statistics

GraphPad Prism version 7.0 (GraphPad Software, Inc., San

Diego, CA, USA) was used for presentation and statistical analysis

of the data.

Results

Tumor challenge in cured mice stimulates
a large oligoclonal CD4 and CD8 memory
T-cell response in spleen cells

Viral immuno-oncotherapy consisting of a replicating

recombinant VSV (rrVSV) targeted to Her2, and single doses of

anti-CTLA4 Mab and cyclophosphamide cures 3 day implanted

Her2+ peritoneal tumors in Balb/c mice. Cure is immunologically

dependent, requires both CD4 and CD8 T-cells and generates

memory T-cells by 90 days after treatment (5, 10, 11). The anti-

tumor memory response was assessed by re-challenging tumor-

cured mice with IP administration of tumor cells. TCR clonal

analysis, TCRa (TRA) and TCRb (TRB), was performed on

spleen cells harvested 5 days after challenge. A control group

consisted of animals who received targeted rrVSV oncolytic

immunotherapy, at least 100 days prior to challenge but were

never implanted with tumor (virus control mice). All animals in

the tumor- cured group showed an oligoclonal set of high-

responding splenic TCR clones for CD4 and CD8 T-cells that was

not observed in the control group (Figures 1–3). The mean clone

fractions of the top 3 clones was 5-fold higher for CD4 T-cells and

8-10 fold higher in CD8 T-cells in tumor-cured mice compared

with virus control mice (Figure 3). The high responder response to

challenge varied among the cured animals but was uniformly low

among the control animals (Figure 2). At least one high frequency

clone was higher than the highest control value in 5/5 mice (100%)

for CD8 T-cells and 4/5 mice (80%) for CD4 T-cells (Figure 2). This

highest frequency oligoclonal response in spleen varied from 2-18

CD8 and 0-5 CD4 T-cell anti-tumor TRA or TRB clonotypes per

animal (median CD8 = 2.5 and CD4 = 1.5).
The oligoclonal high-responder spleen
response to tumor challenge reflects the
peritoneal anti-tumor response and is
distinct for each animal

Our previous work in this model system has shown that anti-

tumor memory CD4 and CD8 T-cells accumulate in the

peritoneum following IP tumor challenge in tumor-cured mice

(5, 11). In this study, the peritoneal cell response to tumor

challenge in experimental and control groups is displayed in

Supplemental Figure S1. The specific migration of anti-tumor

memory T-cells to the peritoneum following stimulation was
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supported by the absence of high frequency peritoneal NKT cells,

which could easily be identified by an invariant clonotype and

were abundant in the spleens of experimental and control animals

(12). Clonal overlap was determined between the spleen and

peritoneal response in the same animals to show that the anti-

tumor response seen in the peritoneum was reflected in the spleen,

providing evidence that the spleen response was an anti-tumor

response (Table 1). In total, 70% of high-responding T-cells in the

peritoneum were also high-responders in the spleen (62.5% of the

CD4 and 82% of the CD8 T-cells). Each animal with a high-
Frontiers in Immunology 0459
responding clonotype in the peritoneum had at least one identical

high-responding clonotype in the spleen. The spleen response was

therefore an excellent surrogate for the peritoneal response.

Clonal overlap was also determined between the peritoneal cell

response among the different animals (Figure 4). These results show

that none of the highest-responder clonotypes in one animal were

also high-responders in a different animal. As illustrated in Figure 4,

some of the high-responder clonotypes were found in other animals

but only at low frequency. Basically, each animal had a private set of

high-frequency tumor-responding CD4 and CD8 TCR clonotypes.
FIGURE 1

Frequency analysis of tumor-challenged spleen T-cells. Intraperitoneal tumor challenge in mice who had received rrVSV oncolytic immunotherapy
to cure implanted tumor (tumor-cured mice) compared to mice with full viral therapy but no tumor implant (virus control mice). Splenic CD4 and
CD8 T-cells were harvested 5 days after challenge and TCR clones quantified. The top 100 clones are plotted and results shown separately for CD4
and CD8 T-cells and TCR-a (TRA) and TCR-b (TRB) receptors (Log2 scale for X and Y axes).
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Tetramer analysis demonstrates that high
responder peritoneal CD8 T-cells were
anti-tumor memory T-cells and had
distinct clonotypes for each animal

Tumor-cured mice (n=4) received peritoneal tumor challenge

followed 5 days later by isolation of CD8 T-cells from peritoneal

lavage. Each sample was divided in half. One half from each animal

had flow cytometry tetramer analysis and TCR clonotyping

performed individually for each animal. The other individual

samples were combined and tetramer+ CD8 T-cells were identified

and separated by flow cytometry. Flow cytometry tetramer analysis

and TCR clonotyping was then performed on this mixed sample from

4 mice (Figure 5). A combined sample of tetramer+ CD8 T-cells was

required to assure an adequate concentration of mRNA for TCR
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clonotyping analysis. Purity of the tetramer+ mixture was 86.9% and

the delineation between tetramer-positive and tetramer-negative cells

with flow cytometry was not absolute (Figure 5B), leading to false

positive clonotypes in the tetramer+ mixture. True positives were

determined by using all high-frequency clonotypes (>1%) in the

individual animals as index cases, determining the frequencies of the

identical clonotypes in the tetramer+ mix and plotting the inverse

ratio (Supplemental Figure S2). High ratios were easily separated

from low ratios and had similar patterns in TRA and TRB for each

animal. Clonotypes with ratios 0.18 were considered true positives.

Analysis of the 3 highest clonotypes in each animal showed that 5/

12 TRB clonotypes and 3/12 TRA clonotypes were tetramer+

(Figure 6). None of these 8 highest frequency responding tetramer+

clonotypes had the same TCR peptide sequence and, in fact each of the

24 highest frequency responding clonotypes had a unique sequence
FIGURE 2

Clone frequency following challenge in spleens of tumor-cured mice compared with virus control mice. Scatter plot of the top 10 clones. Results
are shown separately for CD4 and CD8 T-cells; TRA and TRB. Each number represents a single cured or control mouse.
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(13). An analysis of all tetramer+ clonotypes found 11 TRB clonotypes

and 12 TRA clonotypes with frequency > 1% (Figure 7). The number of

these tetramer+ clonotypes per mouse varied from 2 to 4 (median = 3)

and each clonotype was unique (Figure 7). The same clonotype was

sometimes found in other animals (5 TRA and 5 TRB) but never at

frequency >0.15% and usually much lower (Figure 7). In summary,

each animal had its own private high-frequency tetramer+ sequence

and some hadmore than one. An unexpected finding was that tetramer

+ frequency based on TRB clonotype frequency closely matched clone

frequency results based on flow cytometry (Figure 7). TRA frequency

was not as closely matched probably because ~30% of T-cells express 2

functionally rearranged TRA mRNAs (14, 15).
FIGURE 3

Mean fractions of the responding clones in spleens of tumor-cured mice compared with virus control mice. Scatter plot of the top 3 clones. Results
are shown separately for CD4 and CD8 T-cells and TRA and TRB receptors. The mean fractions of the top 3 clones were 5.4-fold higher for CD4 T-
cells and 8-10 fold higher in CD8 T-cells in tumor-cured mice compared with virus control mice (all difference were significantly different; p=0.05
and 0.04 for TRA and TRB CD4 T-cells, and p= 0.0164 and 0.0066 for TRA and TRB CD8 T-cells; unpaired, one-tailed t test; n=5 for each group).
TABLE 1 Comparison of high-responding clones in the spleen and
peritoneum of the same animal.

Number of high responding peritoneal clones and number of
identical clones in spleen*

PC Spleen

CD4 16 11

CD8 11 9
*n=5 animals except for peritoneal CD8 T-cells which were inadequate for testing on one
animal. Clonotypes were considered high-responders when their frequency was greater than
the mean of the top 2 clones, of the same T-cell category, in the virus-control group.
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Transfer experiments demonstrate that
high responder splenic CD4 and CD8 T-
cells were anti-tumor memory T-cells

The CD4 and CD8 TCR clonotype response in spleen and

peritoneum to IP tumor challenge was compared in donor animals

cured of implanted tumor by rrVSV oncolytic immunotherapy and

host animals cured by T-cell transfer from the donor animals

(Figure 8). The critical finding was that the same high-responding

TCR clonotypes were found in all 4 samples (Figure 9 for TRB and
Frontiers in Immunology 0762
Supplemental Figure S3 for TRA), strongly suggesting that they

represented anti-tumor memory clones. The high responder

peritoneal CD4 and CD8 T-cells in the host animals were derived

from the donor mice because they had matching clonotypes.

Independent clones arising from the hosts would have had their

own private sequences as shown in the previous sections. These were

the therapeutic T-cells because cure was obtained solely by transfer of

donor spleen cells. These cells were first recognized by IP challenge in

the donor mice demonstrating that a high clonotype response to

challenge is a reliable method to identify anti-tumor CD4 and CD8 T-
FIGURE 4

Clonal overlap of high-responding peritoneal T-cell clonotypes. The top 3 responding clonotypes in each animal were the index clones for heatmap
comparison with each of the other animals. There is no overlap of high-frequency T-cell clonotypes in peritoneal cells from different animals.
Clonotypes were considered peritoneal high-responders when their frequency was greater than the mean of the top 2 clones in the virus-control
group. (Scale is % of total clones; n=4; a 5th animal was excluded because collection of peritoneal CD8 T-cells was inadequate for analysis.).
B

A

FIGURE 5

Identification of tetramer+ clonotypes within the total CD8 T-cell population. (A) Illustration of experiment identifying TCR clones of tetramer+ CD8
T-cells. (B) Anti-tumor memory CD8 T-cells identified by flow cytometry following staining with the human HER2 p63 tetramer conjugated with
APC. The percent tetramer-positive cells is noted for the peritoneal cells of each individual mouse and for the tetramer-positive mix from all 4 mice.
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cell clones. Peritoneal clonotypes were classified as definite, active

anti-tumor memory if they appeared in both donor and host

peritoneal cells at a frequency greater than the mean of the top 10

clonotypes from all control animals (Figure 9). The number of unique

high-frequency anti-tumor memory TRB clonotypes in the

peritoneum varied from 1 to 8 in CD4 and 4-8 in CD8 T-cells with

a median of 4 CD4 T-cells and 6 CD8 T-cells. Donor spleen and host

peritoneal clonotypes were also classified as definite, active anti-

tumor memory if they appeared in both host PC and donor spleen at

a frequency greater than the mean of the top 10 clonotypes from all

control animals (Figure 9). The number of high-frequency unique

anti-tumor memory TRB clonotypes in the donor spleen varied from
Frontiers in Immunology 0863
1 to 8 for CD4 and 5-7 for CD8 T-cells with a median of 3 CD4 T-

cells and 6 CD8 T-cells. The frequency of anti-tumor CD4 TRB

clonotypes was 12.7-fold higher in host peritoneum than host spleen

and 7.9-fold higher for CD8 TRB clonotypes, confirming our

previous work, that anti-tumor memory CD4 and CD8 T-cells

migrate to and expand at the site of challenge in tumor-cured mice

(5, 11). TRB clonotypes were used in these analyses because their

frequency had the best correspondence with clone frequency, as

determined above. Importantly, the anti-tumor memory clonotypes

were also found in blood, at similar frequencies to spleen, indicating

that these analyses may be practical clinically (Figure 9 and

Supplemental Figure S3).
FIGURE 6

Identification of tetramer+ clonotypes within the total CD8 T-cell population. The left column displays the top 3 CD8 T-cell clonotypes in
peritoneum in 4 cured animals challenged with IP tumor cells. The right column displays matching TCR clonotypes in the tetramer+ mix from the 4
animals. The blue, red and green colors represent the top 3 clones in each animal and are unique high-frequency clonotypes in each animal.
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B

A

FIGURE 7

Clonal overlap of high frequency tetramer+ CD8 T-cells clonotypes among 4 animals. Tetramer+ CD8 T-cells from each mouse (the first column in
each set) was heatmap compared with the top 20 responding clonotypes in each of the other mice. (A) TRB clonotypes. (B) TRA clonotypes. (C) A
comparison of the percentage of high frequency tetramer+ CD8 T-cells identified by fluorescence activated cell sorting (FACS) and by TRB or TRA
clonotype analyis.
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FIGURE 8

Illustration of experiment comparing the CD4 and CD8 TCR clonotype response to IP tumor challenge in donor animals cured of implanted tumor
by rrVSV oncolytic immunotherapy and host animals cured by T-cell transfer from the donor animals.
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The mean resting frequency of anti-tumor
memory T-cells in spleen is 0.028% for
CD4 T-cells and 0.11% for CD8 T-cells

The resting frequency of anti-tumor memory T-cells was

determined by harvesting spleen cells from cured, unchallenged,

resting, donor mice and assaying TCR clonotypes from one aliquot

of 1 x 107 cells. A second aliquot of 5 x 107 spleen cells were

challenged by transfer to a host animal with a 3 day implanted

peritoneal tumor. Host spleen and peritoneal TCR clonotypes were
Frontiers in Immunology 1065
assayed 5 days later (Figure 10). Clonotypes in the resting donor

cured tumor mice that were identical to high frequency clonotypes in

the peritoneum of challenged mice were anti-tumor memory

clonotypes. Independent clones arising from the hosts would have

had their own private sequences as shown in the previous sections. In

addition, only memory cells from the donors and not naïve cells from

the hosts, could be present at sufficient concentration and multiply

rapidly enough in 5 days to produce the high frequency clones found

in the peritoneum. Challenge of naïve animals with peritoneal tumor

cells produced only low clonotype frequencies at 5 days (data not
FIGURE 9

Comparison of the high frequency clonotypes following challenge in donor animals cured of implanted tumor by rrVSV oncolytic immunotherapy and
host animals cured by T-cell transfer from the donor animals. Graphs show CD4 and CD8 T-cell TRB data from one representative pair of animals of
three total pairs. The top 10 most frequent clones in the host peritoneal cells are the index clones and are compared with the donor peritoneal and
spleen cells and the host spleen and blood cells. Identical numbers and colors within the CD4 and CD8 sets refer to identical clonotypes.
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FIGURE 10

Identifying and determining the frequency of resting and challenged anti-tumor memory T-cells. Illustration of experiment comparing a TCR
frequency analysis of memory anti-tumor T-cells in resting spleens of donor mice with challenged spleen and peritoneal T-cells of host mice.
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shown). Finally, our current and previous work has shown that

spleens from donor mice cured of tumor by rrVSV oncolytic

immunotherapy contain potent therapeutic anti-tumor memory T-

cells (4, 5, 10, 11, 16, 17). Using the top 5 peritoneal clonotypes as

index clonotypess, all CD4 and CD8 T-cell TRB clonotypes had

identical clones in the donor unchallenged mice, although 2 CD4

clonotypes from one animal had notably lower resting frequencies

than all the others (Figure 11 for TRB and Supplemental Figure S4 for

TRA). The mean frequency of these anti-tumor memory T-cells in

resting T-cells averaged 0.028% for CD4 T-cells and 0.11% for CD8

T-cells (Figure 12). The highest frequency clone for CD4 T-cells was

0.15% and for CD8 T-cells was 0.34%. These findings match well with

tetramer-based studies of anti-viral human memory CD4 and CD8

T-cells and mouse CD4 T-cells but are 30-fold lower than several

previous reports of mouse anti-viral memory CD8 T-cells. All studies
Frontiers in Immunology 1166
agree that resting memory CD8 T-cells form a higher fraction of total

CD8 T-cells than resting memory CD4 T-cells form of total CD4 T-

cells (13, 18–24). TRA data was similar (Supplemental Figure S4) but

we focused on TRB clonotypes as the best surrogate for TCR clones

for several reasons: T-cells almost invariable express a single TRB

mRNA but ~1/3 express 2 TRA mRNA (14, 15); the main

contribution to TCR-peptide binding comes from the TRB CD3

sequence (25); and data presented above showed a close

correspondence between TRB clonotype frequency and cell

clonal frequency.

Resting donor spleen TRB clonotypes had ~ 1/10 the frequency

of challenged memory clonotypes in spleen and ~1/100 the

frequency of challenged memory clonotypes in the peritoneum

(Figure 12 for TRB and Supplemental Figure S5 for TRA). CD4 T-

cells increased from 0.028% to 0.26% to 2.44% and CD8 T-cells
FIGURE 11

Identifying and determining the frequency of resting and challenged anti-tumor memory T-cells. The top 5 most frequent clones in the host
challenged peritoneal T-cells are the index clones and are compared with the frequency of the same clones in the spleens of challenged host and
unchallenged donor mice. Three trios of animals are shown in separate rows with the CD4 T-cells in the top half and the CD8 T-cells in the bottom
half of the figure (TRB only). Identical numbers and colors within the CD4 and CD8 pairs refer to identical clonotypes.
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increased from 0.11% to 0.79% to 8.39%. The mean increase in TRB

clonotype count from transferred donor T-cells to combined

harvested spleen and peritoneal T-cells was 65-fold for both CD4

and CD8 memory T-cells (Figure 13 for TRB and Supplemental

Figure S6 for TRA). This indicated a minimum mean number of 6

doublings in 5 days because potential anti-tumor T-cells in other

tissues such as lymph nodes, bone marrow and blood were not

harvested. Doublings in individual clones varied from 2 to

8 (Figure 13).

Frequency analysis of resting T-cells does not distinguish anti-

tumor memory T-cells from background (Figure 14 for TRB and
Frontiers in Immunology 1267
Supplemental Figure S7 for TRA). The top 5 most frequent

CD4 and CD8 TRA clonotypes from 3 animals are highlighted by

large bold red, green or black diamonds within the frequency

distribution of all resting spleen cells from the same animal. A

stimulation is required to identify and quantify anti-tumor memory

T-cells (Figures 1, 6, 9, 11). In this sample size of 30, potential

resting anti-tumor memory T-cell clones, 28 were found within the

top 625 clones. As expected, following initial expansion, these

resting memory cells did not diminish to rare frequency but

neither did they stand out from the mixed background of

resting frequencies.
FIGURE 12

Identifying and determining the frequency of resting and challenged anti-tumor memory T-cells. The frequency of the top 5 anti-tumor memory T-
cells in the peritoneum of host challenged mice are compared with the frequency of the same clones in the spleen of host challenged mice and the
spleen of resting donor mice. (n=3 in each group, CD4 and CD8, TRB only); mean values and SEM bars above the column for each group).
FIGURE 13

Response to stimulation of individual anti-tumor memory T-cell clones. The total number of memory T-cells in transferred donor spleen cells were
compared with total number of stimulated host memory T-cells harvested from spleen and peritoneum. The top 5 most frequent CD4 and CD8
memory T-cell clones for each of 3 animals are plotted separately (TRB clonotypes). The mean increase in clone count was 65-fold for both CD4
and CD8 T-cells.
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Discussion

This study found that curative viral onco-immunotherapy

generated an oligoclonal anti-tumor memory response that could

be quantified by bulk TCR clonal analysis following antigen

stimulation. Frequency analysis of resting T-cells cannot

distinguish these anti-tumor memory T-cells from background

but antigen stimulation increases their frequency 10-fold, on

average, in spleen and clearly identifies the most numerous of

these cells. The high frequency T-cell clonotypes were higher than

the highest control value for 100% of CD8 T-cells and 80% of CD4

T-cells showing that an effective anti-tumor response was

identifiable in all animals. Multiple lines of evidence indicated

that the high frequency clones were anti-tumor memory T-cells.

First and most directly, one third of the high frequency CD8 T-cells
Frontiers in Immunology 1368
were also identified by a known anti-tumor CD8 tetramer. Second,

the high frequency spleen CD4 and CD8 T-cells were often identical

to the peritoneal T-cells which have previously been shown to be

anti-tumor memory T-cells. Third, transfer experiments showed

that the same transferred clonotypes which cured tumors in host

animals displayed high frequencies following stimulation in donor

animals. Previous work with viruses and neoplasms, such as HIV

and melanoma, has also used TCR clonotyping to track the anti-

tumor and anti-virus T-cell response over time (26–31).

The total number of unique high-frequency anti-tumor

memory clones can only be approximated from this data.

Tetramer analysis, a direct measure of anti-tumor T-cells, found

2-4 (median = 3) peritoneal CD8 T-cell clones per animal. This is a

minimum estimate because only a single antigen was interrogated.

A second method, using a stringent standard that labeled as
FIGURE 14

Frequency distribution of resting anti-tumor memory T-cells. The top 5 most frequent memory anti-tumor CD4 and CD8 TRB clonotypes from 3
animals are highlighted by large bold red, green or black diamonds within the frequency distribution of all resting spleen cells from the same animal.
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memory anti-tumor only clonotypes that reached a higher

frequency following stimulation than any control values, found

that unique clonotypes varied from 0-18 CD8 and 0-5 CD4 T-cell

TRA or TRB anti-tumor clonotypes per animal (median CD8 = 2.5

and CD4 = 1.5). This estimate is also certainly low because some

tetramer positive CD8 T-cells did not meet this stringent criteria.

Effective anti-tumor clones that have low initial resting frequency or

those that are less responsive to tumor antigen presented in the

format used in this model system might not reach the stringent

threshold values. A third method analyzing donor memory cells

that cured tumor in host animals classified peritoneal cells as

definite, active anti-tumor memory if they appeared in high

frequency following stimulation in both donor and host. The

number of unique anti-tumor memory clonotypes in the

peritoneum varied from 1 to 8 in CD4 and 4-8 in CD8 T-cells

with a median of 4 CD4 T-cells and 6 CD8 T-cells. Donor spleen

cells were classified as anti-tumor memory if they appeared in high

frequency following stimulation in both donor spleen and host

peritoneum. The number of high-frequency unique anti-tumor

memory TRB clonotypes in the donor spleen varied from 1 to 8

for CD4 and 5-7 for CD8 T-cells with a median of 3 CD4 T-cells

and 6 CD8 T-cells. Overall, it is clear that stimulation elicits a high-

frequency oligoclonal anti-tumor response of at least 1 CD4 and 3

CD8 memory T-cell clones. Memory CD4 T-cells are certainly

present and necessary for an effective anti-tumor response, as

shown in our previous work (4, 5, 10). The results are not

comprehensive because sampling was obtained at only 2 tissue

sites, at only one time point and with predominantly indirect

identification of anti-tumor memory T-cells. In this study, anti-

tumor memory CD8 T-cells were more frequently identified than

CD4 T-cells but lymph node or blood may be a better tissue to

sample for these cells than spleen or peritoneum. A more direct

methodology to identify unique anti-tumor memory clones is

required for a more precise count. Single cell RNA sequence

analysis can add breadth by identifying unique TRA/TRB

combinations as well as multiple receptor and transcription

markers but is currently much more expensive than bulk TCR

analysis (32, 33).

The resting frequency of memory CD4 T-cells (mean = 0.028%)

and CD8 T-cells (mean = 0.11%) was low but still usually within the

top 625 clones in each animal, as expected for memory T-cells (34).

Stimulation produced a minimum of 6 doublings in 5 days with

doublings in individual clones varying from 2 to 8. These doubling

rates in memory T-cells closely match previous work assessing anti-

virus memory T-cells in mice (22, 35–37). This response rate provides

an effective immune response to tumor cells, which grow much more

slowly than microorganisms, as shown by the consistent ability of

cured animals to resist tumor rechallenge and of transferred T-cells to

cure established implanted tumors (4, 5, 10, 16).

Tetramer analysis and stimulation assays showed that the

oligoclonal high-frequency anti-tumor memory T-cells consisted

predominantly of private clonotypes unique to each animal (7, 13,

38, 39). This result is not surprising because, as our tetramer data
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shows, many different clonotypes, even within a single animal, can

create a set of CD8 T-cells with the same antigen specificity (13, 40).

The number of unique clonotypes in the naïve T-cell population is

extremely large and clonotypes expressed on just a small number of

T-cells can expand to generate effective, permanent memory T-cells

(18, 34). Previous studies have shown that the human CMV and

Influenza virus T-cell responses also involve mainly private TCR

clones but some public clones or clones biased to particular

variable-gene usage are found and might be used to identify an

anti-viral response in a population (41–45). Our data in a mouse

tumor model of limited sample size hints that it will be difficult to

find a set of high-frequency clonotypes that can be used to identify

anti-tumor memory T-cells in a population. However, private

clonotypes, once identified in an individual, can be tracked over

time and location, in that individual. This study shows that these

anti-tumor clonotypes can be identified initially by a very high-

frequency response to tumor antigen stimulation.

Tetramer analysis confirmed that clonotype frequency

determined by T-cell receptor (TCR)-b (TRB) analysis closely

approximated cell clone frequency determined by flow cytometry.

Clonotype frequency depends on the number of mRNA molecules

per cells and efficiency of PCR amplification as well as the number

of T-cells expressing the clonotype but these factors did not greatly

alter the correspondence between cell and clonotype frequency in

this experimental system (33). Clonotype analysis has the advantage

that it can approximate the number of unique memory T-cell clones

and their frequency without requiring knowledge of the specific

tumor antigens. TRB analysis was superior to TRA analysis in

estimating clone frequency perhaps because T-cells almost

invariable express a single TRB mRNA but ~30% express 2 TRA

mRNA (14, 15) and because the main contribution to TCR-peptide

binding comes from the TRB CD3 sequence (25).

The methodology described in this report can be used

immediately in pre-clinical work in mice to quantify the

amplitude and diversity of the anti-tumor memory response in

spleen to vaccination or treatment. Clinical application, however,

will be confounded by a circulating repertoire in humans enriched

in virus-reactive specificities (31, 42, 43) and requires further work

to develop a practical method of stimulation in humans that

produces a clear, acute response of anti-tumor T-cells in blood.

Repeated blood testing is practical in humans and allows testing

before and after stimulation, which will create a more sensitive test

that can detect not only clonotypes with a large absolute oligoclonal

response but also clonotypes that show a 10-fold increase following

stimulation. Repeated blood testing will also allow following unique

anti-tumor memory T-cell clonotypes in an individual over time.
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SUPPLEMENTARY FIGURE 1

Frequency analysis of tumor-challenged peritoneal T-cells. Intraperitoneal

tumor challenge in mice who had received rrVSV oncolytic immunotherapy

to cure implanted tumor (tumor-curedmice) compared to mice with with full
viral therapy but no tumor implant (virus control mice). Peritoneal CD4 and

CD8 T-cells were harvested 5 days after challenge and TCR clones quantified.
The top 100 clones are plotted and results shown separately for CD4 and CD8

T-cells and TCR-a (TRA) and TCR-b (TRB) receptors (Log2 scale for X and
Y axes).

SUPPLEMENTARY FIGURE 2

Distinguishing true-positive tetramer+ clonotypes from contaminants in the

sample mixture. High-frequency clonotypes (>1%) in individual animals were
the index cases and the inverse ratio of the frequency of this clonotype in the

individual mouse compared with the same clonotype in the tetramer+ mix
was plotted.

SUPPLEMENTARY FIGURE 3

Comparison of the high frequency clonotypes following challenge in donor

animals cured of implanted tumor by rrVSV oncolytic immunotherapy and
host animals cured by T-cell transfer from the donor animals. Graphs show

CD4 and CD8 T-cell TRA data from the same representative pair of animals of
three total pairs shown in Fig. 9. The top 10 most frequent clones in the host

peritoneal cells are the index clones and are compared with the donor
peritoneal and spleen cells and the host spleen and blood cells. Identical

numbers and colors wi th in the CD4 and CD8 sets refer to

identical clonotypes.

SUPPLEMENTARY FIGURE 4

Identifying and determining the frequency of resting and challenged anti-

tumor memory T-cells. The top 5 most frequent clones in the host
challenged peritoneal T-cells are the index clones and are compared with

the frequency of the same clones in the spleens of challenged host and

unchallenged donor mice. Three trios of animals are shown in separate rows
with the CD4 T-cells in the top half and the CD8 T-cells in the bottom half of

the figure (TRA only). Identical numbers and colors within the CD4 and CD8
pairs refer to identical clonotypes.

SUPPLEMENTARY FIGURE 5

Identifying and determining the frequency of resting and challenged anti-

tumor memory T-cells. The frequency of the top 5 anti-tumor memory T-
cells in the peritoneum of host challenged mice are compared with the

frequency of the same clones in the spleen of host challenged mice and the
spleen of resting donor mice. (n=3 in each group, CD4 and CD8, TRA only);

mean values and SEM bars above the column for each group).

SUPPLEMENTARY FIGURE 6

Response to stimulation of individual anti-tumor memory T-cell clones. The
total number of memory T-cells in transferred donor spleen cells were

compared with total number of stimulated host memory T-cells harvested
from spleen and peritoneum. The top 5 most frequent CD4 and CD8

memory T-cell clones for each of 3 animals are plotted separately (TRA
clonotypes). The mean increase in clone count was 41-fold for CD4 and 67-

fold for CD8 T-cells.

SUPPLEMENTARY FIGURE 7

Frequency distribution of resting anti-tumor memory T-cells. The top 5most
frequent CD4 and CD8 TRA clonotypes from 3 animals are highlighted by

large bold red, green or black diamonds within the frequency distribution of
all resting spleen cells from the same animal.
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Activated tissue resident memory
T-cells (CD8+CD103+CD39+)
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left sided “immune-hot”
colorectal cancers
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Alexandre Maciel-Guerra7, Nayandeep Kaur1,
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Nottingham, United Kingdom, 2Faculty of Pharmacy, Al-Zaytoonah University of Jordan,
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Medical Centre, University of Nottingham, Nottingham, United Kingdom, 4School of Veterinary
Medicine and Sciences, University of Nottingham Biodiscovery Institute, Nottingham, United Kingdom,
5Department of Pharmacology, Weill Cornell Medicine, New York, NY, United States, 6Birmingham
Tissue Analytics, College of Medical and Dental Sciences, University of Birmingham, Birmingham, United
Kingdom, 7School of Veterinary Medicine and Science, University of Nottingham, Sutton
Bonington, United Kingdom, 8Faculty of Medicine, Institute of Biomedical Sciences, Vilnius University,
Vilnius, Lithuania, 9Institute of Immunology and Immunotherapy, University of Birmingham,
Birmingham, United Kingdom, 10Host-Tumour Interactions Group, School of Medicine, University of
Nottingham Biodiscovery Institute, Nottingham, United Kingdom
Introduction: Characterization of the tumour immune infiltrate (notably CD8+

T-cells) has strong predictive survival value for cancer patients. Quantification of

CD8 T-cells alone cannot determine antigenic experience, as not all infiltrating

T-cells recognize tumour antigens. Activated tumour-specific tissue resident

memory CD8 T-cells (TRM) can be defined by the co-express of CD103, CD39

and CD8. We investigated the hypothesis that the abundance and localization of

TRM provides a higher-resolution route to patient stratification.

Methods: A comprehensive series of 1000 colorectal cancer (CRC) were arrayed

on a tissue microarray, with representative cores from three tumour locations

and the adjacent normal mucosa. Using multiplex immunohistochemistry we

quantified and determined the localization of TRM.

Results: Across all patients, activated TRM were an independent predictor of survival,

and superior to CD8 alone. Patients with the best survival had immune-hot tumours

heavily infiltrated throughout with activated TRM. Interestingly, differences between

right- and left-sided tumours were apparent. In left-sided CRC, only the presence of

activated TRM (and not CD8 alone) was prognostically significant. Patients with low

numbers of activated TRM cells had a poor prognosis even with high CD8 T-cell
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infiltration. In contrast, in right-sided CRC, high CD8 T-cell infiltration with low

numbers of activated TRM was a good prognosis.

Conclusion: The presence of high intra-tumoural CD8 T-cells alone is not a

predictor of survival in left-sided CRC and potentially risks under treatment of

patients. Measuring both high tumour-associated TRM and total CD8 T-cells in

left-sided disease has the potential to minimize current under-treatment of

patients. The challenge will be to design immunotherapies, for left-sided CRC

patients with high CD8 T-cells and low activate TRM,that result in effective

immune responses and thereby improve patient survival.
KEYWORDS

colorectal cancer, T-cells, multiplex IHC/IF, tissue resident T cells, immune
microenvironment, CD8 T-cells, cancer
Introduction

Colorectal cancers (CRC) have traditionally been grouped

together as one disease due to the anatomic continuity of the

colon into the rectum. However, right and left colon differ in

terms of their embryonic origin, vascular and nervous supplies,

and gut flora (1). Increasing evidence has pointed to the location of

the tumour affecting cancer pathology, progression and prognosis

(2, 3), and ultimately patient’s response to different cancer

treatments (4, 5). This in part may be due to the molecular

variations and difference in mutational profiles between right and

left-sided colon cancer (3, 6, 7). There is, however, increasing

recognition in the literature that the differences in CRC may go

beyond currently defined molecular subtypes (7) and that for cancer

treatment right and left-sided colon cancer should be treated as

separate diseases (3).

It is generally accepted that tumour progression may be

influenced by non-malignant cells found in the tumour

environment, especially the immune cells (8). T-cell infiltration has

been shown to be superior to tumour staging as a prognostic factor (9,

10). Furthermore, responses to immune checkpoint blockade have

been shown to be associated with patients having a pre-existing anti-

tumour T-cell repertoire (11, 12). There is a strong correlation

between the mutational load of a cancer type, the presence of

neoepitopes and the response to immune check point blockade

(13–15). Currently, only CRC patients with microsatellite instability

(MSI), arising through loss of DNA mismatch repair function, are

treated with checkpoint inhibitors (14). MSI is predominately found

in right-sided colon cancers and tumours with MSI have been shown

to have high T-cell infiltration (16, 17). Reflecting this, higher CD8

gene expression has also been demonstrated in right-sided colon

cancer compared to the left-side (18).

Based on immune infiltration, tumours have been classified as:

“immune-hot” (heavily infiltrated by lymphocytes); “immune-cold”

(low levels of lymphocyte infiltration) (19). Since “immune-hot”

tumours generally have a better prognosis than immune-cold

tumours, this would imply that these immune cells – especially
0273
the CD8 T-cells – are activated and have anti-tumour activity.

However, it has been shown that some tumour infiltrating T-cells

may be inactive bystander cells which recognize viral antigens

rather than cancer antigens (20).

Discriminating tumour-specific T-cells from bystander T-cells

using markers of activation could aid in defining their role in the

tumour microenvironment and patient outcome. One possible

marker of activated CD8 T-cells is the co-expression of CD39 and

CD103 (21). CD39 is an ectonucleotidase present on activated CD4

and CD8 T-cells following TCR stimulation (22). CD8+CD103+ have

been defined as a tissue resident memory T-cell (TRM) signature (23).

TRM have been described as T-cells that no-longer circulate but

develop and reside in the peripheral tissues as part of the memory

response (24). CD103 (integrin alpha E), binds to E-cadherin and is

important in retaining TRM in the peripheral tissues (25).

The presence of CD103+ TIL in ovarian (26, 27), breast (26)

lung (23, 28) and head and neck cancers (21) has shown a stronger

correlation with survival than canonical T-cell markers such as CD3

or CD8. However, in a study in head and neck cancer, Duhen et al.

(21) demonstrated that not all CD8+CD103+ T-cells were tumour-

specific, and that some were the result of bystander recruitment. An

increase in 4-1BB and Ki-67 expression on CD8+CD103+CD39+ T-

cells lead the authors to hypothesize that these cells had recently

encountered cognate antigen and were proliferating in the tumour.

Moreover, these cells expressed granzyme and were cytotoxic. These

tumour specific T-cells had an oligoclonal T-cell receptor (TCR)

repertoire (21), and were associated with improved survival.

Similarly, T-cells recognizing neoepitopes isolated from CRC

patients expressed CD103 and CD39 (29), whereas bystander TRM

that were specific for viral antigens and not tumour antigens had

diverse phenotypes that lacked CD39 expression (20). There is

therefore substantial evidence that co-expression of CD103/CD39

can be used as a marker of activated TRM in the tumour

environment. Though these studies investigated tumour

infiltrating lymphocytes they did not analyze the cells in situ. We

hypothesized that intra-tumoural activated TRM confer a survival

advantage (by virtue of their tumour-specificity) in patients with
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CRC. Using multiplex immunohistochemistry, on a tissue

microarray (TMA) containing cores from 1000 CRC patients, we

quantified the activated and non-activated intra-tumoural CD8 T-

cells in 891 cases. This study demonstrated that while high numbers

of activated TRM is a good predictor of survival in the overall cohort,

there is a difference in the size of the effect depending on tumour

location. In left-sided colon cancer high numbers of activated TRM

was the sole marker of enhanced survival irrespective of total CD8

T-cell infiltration. In contrast, in the right-sided colon cancer, both

high numbers of activated TRM and high total CD8 T-cell

infiltration (even with low numbers of activated TRM) predicted

good survival. This suggests that there is a fundamental difference in

biology between right and left-sided colon cancers.
Materials and methods

Patient cohorts

Cohort 1 consisted of a consecutive series of 1000 CRC patients

presenting at Nottingham University Hospitals NHS trust between

2008 and 2012 (53.6 months mean follow up). Cancer specific

survival was measured from the date of primary surgical treatment

to time of death due to cancer. Ethical approval was obtained for the

study (reference no. 05/Q1605/66). Themedian age was 69 (range 16-

94) with TMN stages: 16% stage I, 40% stage II, 32% stage III and 12%

stage IV. For clinicopathological details refer to Table 1;

Supplementary Table 1. Cohort 2 was obtained from the TCGA

database containing mRNA sequencing data and clinicopathological

characteristics (Table 1) of 515 colon adenocarcinomas (TCGA-

COAD) (Cancer genome Atlas).
Tissue microarrays and
immunohistochemistry

All tumours were formalin-fixed and processed into paraffin

blocks. The histology of all cases was reviewed, appropriate donor

blocks selected and marked to enable sampling of tumours from the
Frontiers in Immunology 0374
luminal surface, center, advancing edge and adjacent normal

mucosa. Tissue cores (0.6mm) were obtained from representative

tumour regions of each donor block and arrayed into new recipient

paraffin block using a tissue microarrayer (Beecher Instruments).

Primary antibodies concentrations were optimized using

chromogenic immunohistochemistry (30).
Multiplex immunohistochemistry

Multiplex immunohistochemistry was performed using the Opal 4-

colour manual IHC kit (Akoya Bioscience) for simultaneous detection

of CD8, CD103 and CD39 on a single TMA section. Extensive

optimization achieved fluorescence staining with optimal intensity

and no bleed-through into other channels. Slides were deparaffinized

in xylene and rehydrated in three baths of 100%, 90%, and 70% ethanol.

Antigen retrieval was performedwith EDTA (pH:9, 35minutes, 100°C).

TMA sections were incubated overnight (4°C) with anti-CD39 [Abcam,

EPR20627, 1:300 in antibody diluent/blocking solution], washed with

TBST buffer, incubated with anti-mouse-HRP conjugate, washed and

incubated withOpal 570 (1:100) for 10minutes. Antibody stripping was

performed by microwaving (100W microwave: 100% for 45 seconds,

20% for 14minutes) in antigen retrieval buffer (AR9, Akoya Bioscience)

(31). Sides were cooled, washed and the procedure repeated with anti-

CD103 antibody [Abcam: EPR4166(2) 1 hour, room temperature]

paired with Opal 690 (1:100) and then with anti-CD8 [Agilent DAKO

clone: C8/144b (M7103) 1 hour, room temperature] paired with Opal

520 (1:100). Slides were counterstained with Spectra DAPI, and

coverslips were mounted with ProLong® Diamond Antifade

Mountant (Thermo Fisher Scientific). To obtain a spectral library

anti-CD8 antibody was paired with each Opal fluorophore (without

DAPI counterstain) as a singleplex.
Image acquisition and scoring

TMA slides were scanned (Vectra 3, Akoya Biosciences) at 20

times resolution. The quality of the spectral library was evaluated by

reviewing the unmixed images to confirm the absence of spectral
TABLE 1 Clinicopathological Characteristics of patient Cohorts 1 and 2.

Clinicopathological
parameters

Cohort 1
All

patients
N (%)

Cohort 1
Left-
sided
CRC
N (%)

Cohort 1
Right-sided

CRC
N (%)

Cohort 2
All

patients
N (%)

Cohort 2
Left-
sided
CRC
N (%)

Cohort 2
Right-sided

CRC
N (%)

Sex Male 568 (56.8%) 212 (58.4%) 236 (51.2%) 234 (52%) 65 (51.2%) 115 (52.8%)

Female 432 (43.2%) 151 (41.6%) 225 (48.8%) 216 (48%) 62 (48.8%) 103 (47.2%)

Overall 1000 363 461 450 127 218

Age ¾69 508 (50.8%) 196 (54%) 204 (44.3%) 240 (53.3%) 76 (59.8%) 104 (47.7%)

>69 492 (49.2%) 167 (46%) 257 (55.7%) 210 (46.7%) 51 (40.2%) 114 (52.3%)

Overall 1000 363 461 450 127 218

(Continued)
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TABLE 1 Continued

Clinicopathological
parameters

Cohort 1
All

patients
N (%)

Cohort 1
Left-
sided
CRC
N (%)

Cohort 1
Right-sided

CRC
N (%)

Cohort 2
All

patients
N (%)

Cohort 2
Left-
sided
CRC
N (%)

Cohort 2
Right-sided

CRC
N (%)

Site of Primary
tumour

Right colon 461 (46.1%) N/A N/A 218 (48.4%) N/A N/A

Left colon 363 (36.3%) N/A N/A 127 (28.25) N/A N/A

Rectal 147 (14.7%) N/A N/A 1 (0.25) N/A N/A

Unknown 29 (2.9%) N/A N/A 104 (23.15) N/A N/A

Overall 1000 N/A N/A 450 N/A N/A

N-regional
Lymph nodes

N0 570 (58.5%) 197 (56.3%) 274 (59.6%) 265 (58.9) 68 (53.5%) 133 (61%)

N1 243 (24.9%) 106 (30.3%) 96 (20.9%) 104 (23.1) 40 (31.5%) 47 (21.6%)

N2 162 (16.6%) 47 (13.4%) 90 (19.6%) 81 (18%) 19 (15%) 38 (17.4%)

Overall 975 350 460 450 127 218

Metastases
(M)

M0 (no distant
metastasis)

881 (88.1%) 315 (86.8%) 406 (88.1%) 331(75.2%) 92 (73%) 159 (74%)

M1 (Distant Metastasis) 119 (11.9%) 48 (13.2%) 55 (11.9%) 63 (14.3%) 23 (18.3%) 26 (12.1%)

MX (unknown) 46 (10.5%) 11 (8.7%) 30 (13.9%)

Overall 1000 363 461 440 126 215

T stage T1 74 (7.4%) 35 (9.6%) 19 (4.1%) 11 (2.5%) 4 (3.1%) 5 (2.3%)

T2 106 (10.6%) 31 (8.5%) 34 (7.4%) 77 (17.1%) 24 (18.9%) 35 (16.1%)

T3 526 (52.6%) 190 (52.3%) 251 (54.4%) 308 (68.6%) 87 (68.5%) 143 (65.9%)

T4 294 (29.4%) 107 (29.5%) 157 (34.1%) 53 (11.8%) 12 (9.4%) 34 (15.7%)

overall 1000 363 461 449 127 217

TNM stage I 161 (16.1%) 60 (16.5%) 47 (10.2%) Not reported Not
reported

Not reported

II 402 (40.2%) 138 (38%) 215 (46.6%)

III 319 (31.9%) 117 (32.2%) 145 (31.5%

IV 118 (11.8%) 48 (13.2%) 54 (11.7%)

Overall 1000 363 461

Vascular
invasion

Absent 502 (50.9%) 179 (50.1%) 228 (49.7%) Not reported Not
reported

Not reported

Present 483 (49%) 178 (49.9%) 231 (50.3%)

Overall 985 357 459

Microsatellite
Status

MSS 818 (83.6%) 336 (94.1%) 318 (70.4%) Not reported Not
reported

Not reported

MSI 160 (16.4%) 21 (5.9%) 134 (29.6%)

Overall 978 357 452

Treatment type Pharmaceutical Not reported Not
reported

Not reported 231 (51.3%) 69 (54.3%) 110 (50.5%)

Radiation 219 (48.7%) 58 (45.7%) 108 (49.5%)

Overall 450 127 218
F
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overlap or bleed-through between channels. Machine learning

(Inform® software, Akoya Biosciences) enabled quantification of cells

in the stroma and epithelium. This consisted of training the software to

recognize: stroma and epithelial cells; individual cells and phenotype

different cells based on fluorescence (Figure 1; Supplementary

Figure 1). Tissue segmentation involved training the program to

detect differences between the stroma and epithelial cells based on

tissue morphologies. DAPI staining allowed nuclei detection which was

used to determine the cell segmentation. One schema was used to

phenotype all the different subsets. They were trained as following:

CD8+CD103+CD39+; CD8+CD103+CD39-; CD8+CD103-CD39+;

CD8+CD103-CD39-; CD8-CD103+CD39-; CD8-CD103-CD39+ and

other (any other cell). This allowed training to ensure that all double

and triple positive cells were as phenotyped and that membrane

staining was around the whole cell and not fluorescence from a
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neighbouring cell (Supplementary Figure 2). A separate schema was

used to identify total CD8+ T-cells. All cores were visually inspected to

determine agreement with machine learning: any that did not pass

initial quality control were trained again (Supplementary Figure 1). The

main reason for rejection was tissue segmentation (Supplementary

Figure 3 shows examples of failed and retrained images). Out of 4000

TMA cores, 3708 cores were accepted with the rest rejected due to loss

of tissue or inaccurately trained after second training. The data from

Inform® was merged and processed using phenoptrReports

(Akoya Biosciences)
Statistical analysis

Optimal cut-off points were determined using X-tile

bioinformatics software (version 3.4.7). Statistical analysis was
A B

D

C

FIGURE 1

inform training stages for automated detection of tissues, cells and phenotyping individual cells (A) representive multiplex view of tumour cores with
multi-stained cells, (B) Tissue segmentation of tumour epithelium (pink) and stroma (green) using pattern recognition (C) Cell segmentation was
used to identify individual cell types (D) Training and phenotyping multi-stained and single stained cells was performed using a coloring- code
method on infrom software. Black dots represent other cells.
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performed using the SPSS 21.0 software (SPSS, USA). Univariant

and multivariant analyses were determined by chi-squared, log rank

and Cox regression analysis, respectively. A p-value<0.05 was

considered significant. GraphPad PRISM version 8 was used to

compare the densities of different CD8+ T-cells. Statistical

differences were assessed by two tailed paired T-test; One way

Anova with Turkey’s multiple comparison test or Kruskal-Wallis

with Dunn’s multiple comparison test.
TCGA analysis

Using the medical reports from the TCGA-COAD database,

patients were sorted according to primary tumour location: right-

sided (228 patients) or left-sided (131 patients). HTSeq data were

used as the gene expression count. Differentially expressed genes

were determined in each sample group using Deseq2 (32). These

groups were defined in terms of CD8 and CD103 expression: high
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(4th Quartile) or low (1st Quartile). Inclusion criteria for

differentially expressed genes (DEG) was an FDR < 0.05, Log2
FC < -1 and Log2 FC < +1. FDR were analyzed with ClueGO (33),

Cytoscape (34) and Webgestalt (http://www.webgestalt.org/) (35).
Results

Multiplex immunohistochemistry

Multiplex IHC was performed on a TMA containing tumour

cores from 1000 colorectal cancer patients (cohort 1), each of which

was represented by four cores from different tumour regions (see

Supplementary Figure 4): luminal side; center of the tumour;

invasive margin and adjacent pathological ly normal.

Representative examples of fluorescently labelled cells are shown

in Figure 2. The following subsets were classified: CD8+CD103

+CD39+ (activated TRM) CD8+CD103+CD39-, CD8+CD103-
A

B

FIGURE 2

Immunolocalization of different CD8+ phenotypes in colorectal cancer tissues. (A) representive monoplex expression of CD8, CD103 and CD39
markers, and the tissue nuclear counterstain (DAPI) using fluorescence setting (Inserts x40). (B) Multiplex staining of different CRC TMA cores
presenting triple, double and single stained cells with CD8 (green), CD103 (red) and CD39 (yellow) biomarkers. Training and phenotyping multi-
stained and single stained cells were performed using coloring- code method on inform software.
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CD39+, CD8+CD103-CD39-, and total CD8+ T-cells. Cores from

891 patients remained available to analysis due to the loss of cores

during processing and quality control for machine learning.
Activated TRM T-cells are an independent
predictor of survival in CRC

Across the whole cohort, Kaplan Meier analysis indicated high

numbers of activated TRM in the epithelium (Figure 3A, p=0.004)

and stroma (Supplementary Figure 5, p=0.006) were associated with

increased survival. Patients with high numbers of activated TRM in

their tumours had a 10-year survival of 92% compared with 79% for

total CD8+ T-cells (Figures 3A, B).

The abundant presence of high numbers of CD8 T-cells of any

phenotype in the intra-epithelial region was significantly associated

with disease-free survival (Supplementary Figure 6 CD8+CD103

+CD39- p<0.001; CD8+CD103-CD39+ p=0.017; CD8+CD103-

CD39- p=0.006). In the stroma only high CD8 T-cells, activated

TRM and high CD8+CD103+CD39- T-cells were significantly

associated with disease free survival (Supplementary Figure 7).

Furthermore, all CD8 T-cell subsets were significantly correlated

(p<0.05) with TNM stage, metastases, vascular invasion and

microsatellite instability. High infiltration of activated TRM was

significantly associated with primary tumour location (see

Supplementary Table 2). However, on their own neither MSI nor

primary location predicted survival (Supplementary Figure 8). High

numbers of intraepithelial activated TRM was an independent
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prognostic factor (Figure 3C p=0.05). In agreement with the

literature (36), high numbers of intraepithelial CD8+ T-cells was

also an independent prognostic factor (Figure 3D p=0.05).
Right-sided CRC patients with high CD8
and high CD103 gene expression have
increased expression of genes involved in
immune pathways

We utilized the data available in the cancer genome atlas

(https://portal.gdc.cancer.gov/) to determine the differentially

expressed genes (DEG) associated with high (4th Quartile) and

low (1st Quartile) expression of CD8 and/or CD103 and the primary

tumour location: right-sided (228 patients) or left-sided (131

patients). All groups were compared with CD8 low CD103 low

from the same tumour side. Differential analysis identified 7272

DEG in the right-sided CD8 high CD103 high group. This contrast

with only 877 DEG identified in the left-sided CD8 high CD103

high. The right- and left-sided CRC patients with CD8 high CD103

low expression had 260 DEG and 201 DEG respectively

(Supplementary Figures 9, 10 and Supplementary Table 3). Gene

pathway comparison showed the right-sided CRC CD8 high CD103

high group had predominately more gene pathways than the

comparable left-sided group (Figures 4A, B). Most of the

pathways were associated with immunity. Pathways that are

present in right but not left-sided CRC include: protein

processing in ER; autophagy; ubiquitin mediated proteolysis;
A B

DC

FIGURE 3

Prognostic impact of activated TRM T-cells in CRC patients. Kaplan-Meier plots represent the probability of disease-specific survival for (A) Activated
TRM (CD8+CD103+CD39+) T-cells and (B) total CD8+ T-cells in the tumour epithelium. Cut-off points used to stratify CRC patients into high and
low-density groups were determined using X-tile. The cut-off point for total CD8+ T cells was 222 cell/mm2 and for activated TRM cells was 74 cell/
mm2. The log-rank test was used to compare curves, and p values <0.05 were considered statistically significant. (C) Multivariate analysis (Cox
regression) of Intraepithelial total CD8 T cells with vascular invasion, TNM stage, tumour grade, microsatellite status and colorectal cancer-specific
survival (D) Multivariate analysis (Cox regression) of Intraepithelial activated TRM with vascular invasion, TNM stage, tumour grade, microsatellite
status and colorectal cancer-specific survival.
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chemokine signaling pathways; cytokine-cytokine interaction and

micro RNAs in cancer. There were l imited pathways

(Supplementary Figure 10) identified in the other groups and this

included the high CD8 low CD103 expression group.
Only activated TRM T-cells predict survival
in left-sided colon cancer

The TCGA analysis indicated the prevalence of immune

pathways and DEG associated with high CD8 and high CD103

infiltration in right- versus left-sided CRC. We therefore analysed

survival in our patient cohort in terms of tumour location.
Frontiers in Immunology 0879
Although, high numbers of either total CD8+ T-cells or activated

TRM predicted survival this was not maintained in left-sided

tumours. Indeed, although high infiltration of all immune

phenotypes predicted survival in right-sided tumours, activated

TRM was the only phenotype that significantly predicted survival

in left-sided disease (p=0.008) (Figure 5).
Disparity between CD8 “immune-hot
tumours” and TRM T-cell infiltration

To assess if all “immune-hot” tumours contained elevated

numbers of activated TRM, heat maps were employed for all
A

B

FIGURE 4

Overexpression of pathways predominately in right-sided CRC patients who have high CD8 and CD103 expression: (A) Analysis of the RNAseq data
from the TCGA database of right- and left-sided CRC patients: 7245 differentially expressed genes (DEG) for right-sided CD8 high (4th quartile)
CD103 high (4th quartile) patients compared with 877 DEG from left-sided CD8 high CD103 high CRC patients (p<0.05 and a logfold at least =1).
There were predominately more significant enriched KEGG pathways on the right (shown in red) as opposed to left (where none were significant).
The grey nodes represent overlapping pathways. The network of pathways was created using Cytoscape and ClueGo (B) Statistically enriched KEGG
pathways with the larger the nodes representing more genes and the darker the red the more significant the pathway.
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FIGURE 5

High density of activated TRM T-cells predicts better survival in Left-sided colon cancer patients. Kaplan-Meier plots represent the probability of
disease-specific survival for total CD8+ T-cells (A, B), Activated TRM (CD8+CD103+CD39+) T-cells (C, D), CD8+CD103+CD39- T-cells (E, F), CD8
+CD103-CD39+ T cells (G, H) and CD8+CD103-CD39- T-cells (I, J) in the tumour epithelium of right-sided colon cancer and Left-sided colorectal
cancer patients. Cut-off points used to stratify CRC patients into high and low-density groups were determined using X-tile. The cut-off points for
total CD8+ T cells, activated TRM, CD8+CD103+CD39- T-cells, CD8+CD103-CD39+ T-cells and CD8+CD103-CD39- T-cells were 222, 74, 21, 19
and 7 cell/mm2, respectively. The log-rank test was used to compare curves, and p values <0.05 were considered statistically significant.
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phenotypes. While the majority of patients with increased activated

TRM had corresponding elevations of total CD8 T-cells

(Supplementary Figure 11), not all patients with high total CD8

T-cells had high levels of activated TRM. Neither the tumour

location or MSI status was associated with any of the groups

(Supplementary Figure 9).
The absence of activated TRM infiltration
associates with poor prognosis irrespective
of total CD8 infiltration

Survival was studied in patients with high (“immune-hot”) or

low (“immune-cold”) total CD8 T-cells and high or low numbers of

activated TRM in the tumour epithelium resulting in 4 groups of

patients. Group-1 patients (high CD8 T-cell infiltration and high

activated TRM) had the best survival overall Figures 6A(i), B(i)

p=0.003). The major CD8+ subset in the tumours were activated

TRM. Furthermore, there was greater infiltration of these cells in the

epithelial than stroma (p<0.0001) Figure 6B(i): such tumours could

be conventionally classified as “immune-hot”.

Group-2 tumours lacked pronounced CD8+ T-cell infiltration

but nevertheless exhibited high numbers of activated TRM Figures

6A(i), B(ii). These tumours displayed significantly greater CD8

infiltration than Group-4 (low total CD8 low activated TRM)

(p<0.0001) Figure 6B(iv). Survival in Group-2 patients was not

significantly different to Group-1 indicating that the presence of

activated TRM (as opposed to total CD8) are important for survival.

Group-3 had high total CD8 T-cell infiltration but low numbers of

activated TRM. Most cells were single positive (CD8+) with few CD8

+CD103+ or CD8+CD39+ cells Figure 6B(iii). They had a similar

pattern of infiltration in the intraepithelial and stroma. However,

despite having high total CD8+ T cells, patients in this group had

poor survival. Lastly, group-4 displayed both low total CD8+

infiltration and low numbers of activated TRM with corresponding

poor survival Figure 6B. This group were conventional “immune-cold”

tumours Figure 6B(iv). Therefore, only patients with high numbers of

CD8 T-cells and/or high numbers of activated TRM had improved

survival (truly hot tumours). Importantly, patients whose tumours

exhibited high total CD8 T-cells in the absence of activated TRM had

poor survival Figure 6A(i).
Activated TRM are required for better
survival prognosis in left-sided but not
right-sided colon cancer

Sub-classification of patients into right and left-sided disease

revealed differential survival Figures 6A(ii), (iii). For patients with

left-sided tumours survival depended on infiltration by activated

TRM. In contrast, for right-sided disease a group of patients

exhibited good survival with high total CD8+ T-cells but low

activated TRM infiltration. There was no difference in overall

number of infiltrating cells between right- and left-sided tumours

in any group (data not shown). However, survival was poor in

patients with left-sided disease (Figure 6C, Group 3).
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The presence of CD39+ on non-
lymphocyte stromal cells was associated
with poor survival

CD39 and CD73 ectonucleotidases operate in concert to

produce immunosuppressive metabolite adenosine in tumour

environments (37). We hypothesized that high levels of CD39+

cells in the non-lymphoid stroma cells (e.g., fibroblast) associated

with poor survival. As shown in Figure 6D higher numbers of CD39

+ cells were observed in group-3 and group-4 patients: those that

lacked abundant activated TRM.
Infiltration of total CD8 and activated TRM
T-cells consistent across the cores

Colorectal tumours have been shown to exhibit higher levels of

immune infiltrate at the invasive margins (38). However, in this study

infiltration of both total CD8 and activated TRM was consistent

throughout the tumours (Figure 7). Group-1,” immune-hot

tumours”, had high numbers of CD8+ T-cells throughout the

tumour with lower numbers in adjacent normal tissue. These

tumours also had corresponding elevated levels of activated TRM

even in the adjacent pathologically normal tissue. Group-3 tumours

were characterized by high levels of CD8 T-cells in all cores with no

significant difference in any location and limited activated TRM

irrespective of region. In contrast, Group 4 “immune-cold” had

scant CD8 T-cells throughout, but in adjacent normal tissue these

cells were as abundant as those observed in Group-1 and Group-3.

This group also had limited infiltration with activated TRM.
Discussion

Our study of TRM cells within the tumour environment is the

largest and most detailed study of its kind, having determined the

in-situ localization of CD8 T-cell subsets in tissue from nearly 900

CRC patients. We addressed whether the presence of all CD8 T-

cells within the tumour are beneficial for survival or whether

activated TRM are a better predictor of survival. Using multiplex

IHC we established the prognostic significance of activated TRM in

CRC. The presence of activated TRM independently predicted

survival. Furthermore, the presence of high numbers of activated

TRM was a better overall predictor of survival than total CD8+ T-

cells. Tumours with high numbers of activated TRM were

predominately “immune-hot” (tumours with high total CD8+ T-

cell counts), and were highly infiltrated throughout (luminal side,

center of the tumour and invasive margins) with both total CD8+

T-cells and activated TRM. While CD8+ T-cells alone did not

predict survival in left-sided tumours, activated TRM were

uniquely able to predict survival. This contrasted with right-sided

tumours where patients exhibiting high total CD8+ T-cells (even

with low numbers of activated TRM) had good overall survival.

It has previously been shown that CD8+CD103+CD39+ T-cells

identifies tumour reactive T-cells in both head and neck cancer (21)

and breast cancer (39), and that their presence associates with
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survival. While those studies showed the functionality of the

activated TRM, we focused on their survival advantage and

location in tumours. Our findings that activated TRM are an

independent predictor would support the concept that these T-

cells have been active in the tumour environment.

The immunoscore uses the presence of CD3 and CD8 T-cell in

the invasive margins and center of the tumour to predict survival in

CRC (40–42). As far as we are aware we are the first to show that

CD8 alone does not predict survival in left-sided colon cancer and
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that TRM uniquely predict survival. Other studies have shown an

increase in CD8 gene expression in right-sided CRC and suggested

that these patients have a better immune response (18). Indeed,

TCGA analysis of right-sided CRC patients with high CD8 and high

CD103 compared to the low CD8 low CD103 had significantly

more immune pathway involvement than patients with left-sided

tumours, suggesting greater immune responses in right-sided

disease. This is the first time both high CD8 and high CD103

expression have been analysed together using data from the TCGA
A B

DC

FIGURE 6

Tumours with high total CD8 T-cells and low activated TRM cells infiltration predict disease prognosis differently between RCRC and LCRC. (A) CRC
patients were classified into four groups depending on total CD8 TILs, and activated TRM infiltration into the TME followed by the assessment of
their correlation to survival using Kaplan Meier analysis for the entire (i) CRC cohort, (ii)Right sided and left sided colon cancer patients. (B) The violin
plots represent the average densities of the respective CD8+ TIL subsets in the TME for each of the four groups using the Wilcoxon Test: Group 1((i)
and (ii); Group 2 ((iii) and (iv)); Group 3 ((v) and (vi)); Group 4 ((vii) and (viii), The left column depicts intraepithelial CD8+ TIL ((i), (iii), (v) and (vii)) and
the right column depicts stromal CD8+ TIL ((ii), (iv), (vii) and (viii) (TP: triple positive (CD8+CD103+CD39+), DP 103+ : double positive CD103(CD8
+CD103+CD39-), DP 39+: double positive CD39+ (CD8+CD103-CD39+), SP: single positive (CD8+CD103-CD39+)) (C) The pie charts illustrate the
numerical proportion of the four groups within RCRC (right-sided colon cancer patient) (n=415) and LCRC (left sided colon cancer patients) (n=326).
(D) Comparison of average densities of CD39+ non-lymphoid cells in the stroma of group 1, group 2, group 3 and group 4 tumours. One way
Anova/mixed effect analysis with Turkey correction for multiple comparison was used for statistical comparisons in B, while a Kruskal-wallis test with
Dunn’s multiple comparison test was used in (D) p-values <0.05 were considered statistically significant. (ns if p > 0.05, *p ≤0.05, **p ≤ 0.01, ***p ≤

0.001, ****p ≤ 0.0001).
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database for CRC and the results are consistent with our data

showing that there are differences in immune responses between

right and left-sided CRC.

The presence of high CD8 T-cells irrespective of subtype

predicts survival in right-sided CRC. Intriguingly, “immune-hot”

tumours with low numbers of activated TRM had good survival,

suggesting that although activated TRM are important as predictors

of survival there may be other markers of antigen specificity and

activation that need to be defined for these patients. Why

infiltration of high total CD8+ T-cells without TRM is a good

prognosis on right-sided but not left-sided colon cancer is
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unclear, however, other leukocytes within the tumours may be

contributing factors. These could include T-regs and tumour

associated macrophages. In a study in breast cancer, the presence

of T-regs was responsible for the loss of prognostic significance of

high numbers of TRM (39).

The difference in survival relating to T-cell infiltration in the right

versus the left CRC could be due to differences in somatic mutations

and neoantigen generation. The mutations rates in BRAF, POLE,

POLD1 and PIK3CA genes associate with right-sided CRC. Patients

with these mutations (43) have elevated expression of helper T-cells,

class II-related genes, chemokines and inhibitory molecules. In contrast,
A

B

D

C

FIGURE 7

Consistent Infiltration of recently activated TRM cells across different tumour regions (LS, CT, IM and ADJ) within the four groups of CRC cohort.
(A) The violin plots represent the median density of total CD8 TILs in the respective tumour region matched to the density of total CD8 TILs
infiltrating the same tumour region in each patient mapped one below each other in the heat maps (B). Group 1 and group 3 tumours had no
significant difference in total CD8 TILs infiltration between LS, CT and IM. The normal adjacent tissue had significantly higher total CD8 TILs
infiltration compared to other tumour regions in group 4 tumours (Cold tumours). (C) The violin plots represent the median density of TP TRM cells
in the respective tumour region matched to the density of TILs infiltrating the same tumour region in each patient in the heat maps (D). Group 1
tumours (hot tumours) had significantly higher TRM cell infiltration in the LS, CT and IM as compared to ADJ. Meanwhile, group 3 and group 4
tumours had significantly higher activated TRM cell infiltration in the AJD as compared to other regions of the tumour. Mixed effect analysis with
Turkeys multiple comparison correction test was used to test for significance. P values <0.05 were considered statistically significant. (*p ≤0.05, **p
≤ 0.01,***p ≤ 0.001, ****p ≤ 0.0001) (LS, luminal side; CT, center of tumour; IM, invasive margin and ADJ, adjacent normal).
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RASmutant (KRAS, NRAS) tumours (which are more frequent on the

left) associate with poor immune infiltration, low inhibitory molecule

expression (43) and recruitment of suppressive myeloid cells.

Nevertheless, this does not explain why CRC patients with tumours

heavily infiltrated with CD8 T-cells but lacking activated TRM have

good prognosis if their tumour is right-sided. It is not that the TRM have

not upregulated CD39 in these tumours, but that there are low levels of

TRM: most cells are single positive CD8 T-cells. The literature would

support the theory that CD8+CD103+CD39- T-cells are bystander

without specificity for tumour antigens (20) while activated TRM are

tumour specific. Left-sided CRC generally exhibit lower mutational

burden, and therefore may present less antigenic opportunity for

antigen specific TRM. The association between the absence of

activated TRM with high levels of CD39+ stromal cells (e.g.

fibroblasts) may reflect the role of CD39 in ATP depletion and

suppression of T-cell activation and may consequently account for

the lack of TRM in these patients. Quantifying activated TRM in CRC

patients may therefore permit stratification of tumours with strong

immunity genuinely focused on the tumour.

Bindea et al. (38) in a study of 107 patients, showed elevated total

CD8+ cells in the invasive margins than the rest of the tumour. In

contrast, we observed in 9-fold more patients that high total CD8+ T-

cells were homogeneously distributed throughout the “immune-hot”

tumours. Whereas in “immune-cold” tumours there were higher

numbers of CD8+ T-cells present in pathological adjacent normal

tissue than in the tumours. The difference could be due to their analysis

of the whole cohort of CRC patients together compared to our analysis

of patients with high and low total CD8 T-cell separately.

CD39 and CD103 upregulation on tumour infiltrating CD8 T-cells

is due to TGFb and chronic TCR stimulation (21). Once a cell is

activated it displays markers of exhaustion. The expression of CD39

and TIM3 have been shown to discriminate exhausted cells from

memory/effector T-cells (44). Expression of other markers of

exhaustion such as PD-1 associate with terminal exhaustion (45). It

is of note that in our study the “immune-hot” tumours had high levels

of all CD8 phenotypes including both CD8+CD103+ and CD8+CD39

+. This could suggest an active immune response in the tumour

environment of these patients and therefore the reason activated

TRM herald survival is that they have previously responded to the

tumour. It can be argued that patients who have previously mounted

an immune response could continue to mount new T-cell responses.

Clinical use of immune checkpoint inhibitors has

revolutionized the treatment of solid tumours. However, future

work is needed to identify CRC patients suitable for

immunotherapy and characterize repertoires of T-cells to be

targeted, a point illustrated by studies showing the presence of

intra-tumoural CD103+CD8+ T cells predicts responses to PDL-1

blockade (46, 47). We have already argued that activated TRM have

markers of exhaustion, and that the presence of TRM in the tumour

is indicative of active immunity. While there is evidence that

exhausted T-cells can respond to checkpoint blockade (48, 49),

there is also evidence that these cells are not readily reactivated (50).

Indeed, recent studies show that new responses to checkpoint

inhibitors involve CD8 T-cells actively replenished from outside

the tumour (50) and not from the pre-existing repertoire of

exhausted T-cells (51). Patients who have previously mounted an
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immune response could continue to mount new responses with

appropriate immunotherapy. In this paper we have shown over 90%

survival in the group of patients with high numbers of total CD8

and high numbers of activated TRM. Therefore, patients who may

benefit from future immunotherapies may not be the ones with

activated TRM who already have generated a good immune

prognosis but those patients who have shown the ability to

recruit CD8 T-cells but have so far failed to convert this to a

survival advantage: the left-sided colon cancer patients with high

CD8 T-cells and low recently activated TRM. The challenge will be to

generate activated tumour specific TRM in these patients.
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Widespread and dynamic
expression of granzyme C by
skin-resident antiviral T cells
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Nathânia Dábilla3, Patrick T. Dolan3 and Heather D. Hickman1*

1Viral Immunity and Pathogenesis Unit, Laboratory of Clinical Immunology and Microbiology, National
Institute of Allergy and Infectious Diseases (NIAID), National Institutes of Health (NIH), Bethesda,
MD, United States, 2School of Nursing, Duke University, Durham, NC, United States, 3Quantitative
Virology and Evolution Unit, Laboratory of Viral Diseases, NIAID, NIH, Bethesda, MD, United States
After recognition of cognate antigen (Ag), effector CD8+ T cells secrete serine

proteases called granzymes in conjunction with perforin, allowing granzymes to

enter and kill target cells. While the roles for some granzymes during antiviral

immune responses are well characterized, the function of others, such as

granzyme C and its human ortholog granzyme H, is still unclear. Granzyme C is

constitutively expressed by mature, cytolytic innate lymphoid 1 cells (ILC1s).

Whether other antiviral effector cells also produce granzyme C and whether it is

continually expressed or responsive to the environment is unknown. To explore

this, we analyzed granzyme C expression in different murine skin-resident antiviral

lymphocytes. At steady-state, dendritic epidermal T cells (DETCs) expressed

granzyme C while dermal gd T cells did not. CD8+ tissue-resident memory T

cells (TRM) generated in response to cutaneous viral infection with the poxvirus

vaccinia virus (VACV) also expressed granzyme C. Both DETCs and virus-specific

CD8+ TRM upregulated granzyme C upon local VACV infection. Continual Ag

exposurewas not required formaintained TRM expression of granzymeC, although

re-encounter with cognate Ag boosted expression. Additionally, IL-15 treatment

increased granzyme C expression in both DETCs and TRM. Together, our data

demonstrate that granzyme C is widely expressed by antiviral T cells in the skin and

that expression is responsive to both environmental stimuli and TCR engagement.

These data suggest that granzyme C may have functions other than killing in

tissue-resident lymphocytes.

KEYWORDS

granzymes, antiviral immunity, unconventional T cells, poxvirus, microscopy
Introduction

Granzymes are a family of serine proteases that are expressed by both innate and

adaptive cytotoxic lymphocytes (1–3). There are 11 granzymes in mice (A-G, K-N) and 5

granzymes in human (A, B, H, K, M). Granzymes A and B have been the most extensively

studied of the family, primarily in the context of killing infected or neoplastic cells (4).
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However, there are several family members, including granzyme C

in mice and granzyme H in humans, with currently unknown

function(s) (5).

Granzymes are expressed by different innate and adaptive

immune cells, with unique cellular populations expressing

different granzymes. Granzymes A and B are highly expressed by

cytotoxic effector cells, including T cells and natural killer (NK) cells

(6). Murine CD8+ T cells can also express Granzyme K, which has

been associated with inflammatory aging (7). Human CD8+ T cells

produce granzyme K in inflamed tissues (8). Human NK cells have

been demonstrated to translate high levels of granzymes H andM in

certain conditions (9, 10). Mouse CD4+ and CD8+ T cells synthesize

granzyme C primarily in vitro or in the context of mixed

lymphocyte reactions (2, 11, 12). Recently, mouse granzyme C

was shown to be constitutively expressed by cytolytic group 1 innate

lymphoid cells (ILC1s) in the liver and salivary gland (13). Thus, the

unique tissue environments and cellular functions of lymphocytes

support the differential expression of granzyme family members.

Mechanistically, granzymes have been shown to function

primarily during cytolysis. Cytotoxic lymphocytes recognizing

cognate Ag form an immune synapse and directionally secrete

granzymes toward target cells along with the pore-forming protein

perforin (14). Perforin/granzyme secretion is critical for the control

of some viral infections, including ectromelia virus (mousepox) and

lymphocytic choriomeningitis virus (LCMV) (15, 16). However,

numerous studies have now demonstrated that granzymes possess

non-canonical activities as well (6, 17). For example, CD8+ T cells

and NK cells use granzyme B independently from perforin to

extravasate into the tissues and traffic to sites of infection in vivo

(18). Granzyme B can degrade extracellular matrix proteins and

may affect various physiological processes such as basement

membrane degradation, collagen disorganization, and wound

healing (18–20). Additionally, granzyme A can reach high levels

in human serum during infection with human immunodeficiency

virus (HIV), Epstein-Barr virus (EBV), and Chikungunya virus

(CHIKV) (6). Exogenously produced granzyme K can induce

inflammation in non-lymphoid cells such as fibroblasts and

activate endothelial cells (7, 21). Thus, granzymes can remodel

the tissue environment through their protease activity.

In addition to granzyme C function, the regulation of its

expression is also unknown. Some ILC1s constitutively produce

granzyme C in vivo (13). ILC1s do not express the rearranged Ag

receptors of adaptive lymphocytes, suggesting that factors other

than Ag recognition might drive granzyme C production.

Granzyme C expression may be developmentally hard-wired in

some cells, or it may occur in response to changes in the local

environment. Here, we sought to understand 1) whether ILC1s are

the only tissue-resident lymphocytes that express granzyme C and

2) what factors regulate granzyme C expression. To do this, we

analyzed granzyme C expression in different T cell populations

present in the mouse skin: activated effector CD8+ T cells, tissue-

resident memory (TRM) CD8
+ T cells, and gd T cells. Although the

level and frequency of granzyme C expression varied, a percentage

of each skin-resident T cell population expressed granzyme C.

Interestingly, skin-resident gd T cells and CD8+ ab TRM

expressed granzyme C at steady-state and upregulated granzyme
Frontiers in Immunology 0288
C following primary or secondary infection. Exposure to cognate Ag

in the absence of virus-driven inflammation also increased

granzyme C expression in CD8+ ab TRM. However, a proportion

of CD8+ ab T cells maintained granzyme C expression in the skin

in an Ag-independent manner. Furthermore, IL-15 administration

led to granzyme C upregulation in skin-resident T cells. Thus, the

local tissue environment also modulates granzyme C expression in

antiviral T cells. These results provide insight into the regulation of

expression of granzyme C during antiviral immune responses and

suggest a more ubiquitous function for granzyme C than the killing

of virus-infected cells.
Results

Gamma-delta T cells express granzyme C
in the epidermis at steady-state

Gamma-delta T cells seed tissues perinatally and can protect

against murine poxvirus infection (22, 23). In the skin, Vg5+

dendritic epidermal T cells (DETCs) and Vg4+/Vg6+ gd T cells

occupy the epidermis and dermis, respectively (24, 25). We first

analyzed granzyme C expression in both populations using flow

cytometry of single-cell suspensions of dissociated skin from wild-

type C57BL/6 mice (Figures 1A–D). Prior to tissue harvest, we

injected a CD45.2-specific antibody (Ab) intravenously (IV) to

identify and exclude cells circulating in the vasculature from

analysis, as previously described (26). We first gated on CD45.2

IV-, CD45+, CD3+ lymphocytes and used Vg5 TCR staining to

identify TCR gd+ DETCs (with dermal gd T cells being Vg5 TCR−)

(Figure 1A). At steady-state in naïve, specific pathogen-free C57BL/

6 mice, from 15 to 35% of DETCs expressed granzyme C

(Figure 1B). Conversely, we did not observe significant

frequencies or numbers of granzyme C-expressing dermal gd T

cells (Figures 1B, C). Likewise, DETCs expressed significantly

higher levels of granzyme C per cell than the few positive dermal

gd T cells, determined by the mean fluorescent intensity (MFI) of

intracellular granzyme C staining (Figure 1D). As tissue-resident

cells can be perturbed by the enzymatic digestion needed to liberate

them for flow cytometry (27), we also examined gd T cells using

confocal microscopy of frozen cross-sections of the ear skin

(Figure 1E). Confocal images corroborated our flow cytometry

findings, with a subset of DETCs expressing granzyme C in the

epidermis. Interestingly, we often detected granzyme C localized to

the dendritic cellular extensions between epidermal keratinocytes

(Figure 1E). Thus, even naïve, specific-pathogen free mice have

granzyme C-expressing skin-resident lymphocytes.
Gamma-delta T cells increase granzyme C
expression during VACV skin infection

Gamma-delta T cells upregulate IFN-g, granzymes A and B, and

perforin during viral infection or in response to PAMPs (28–30). To

understand the kinetics of granzyme C expression by DETCs and

dermal gd T cells during VACV infection, we first characterized the
frontiersin.org
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gd T cell response in the skin. We infected C57BL/6 mice with

VACV-SIINFEKL (expressing a minigene containing residues 257-

264 of ovalbumin) in the ear pinna using a bifurcated needle as

previously described (31–33). We used VACV as a viral infection

model because this virus infects cells in both the epidermis and

dermis where DETCs and dermal gd T cells reside, respectively

(Figure S1). We analyzed the single-cell suspensions generated from

VACV-infected ears at 0-, 1-, 3-, and 5- days post-infection (dpi)

(Figures S1C–G). Flow cytometry results revealed that the

frequency of DETCs and dermal gd T cells amongst total

leukocytes in the skin decreased significantly at 5 dpi (Figures

S1D–E). Nevertheless, the total number of DETCs and dermal gd T
cells was significantly higher at 5 dpi (Figures S1F–G). Thus, both

DETCs and dermal gd T cells in the skin expand in number during

VACV infection but constitute a smaller frequency of CD45+ CD3+

lymphocytes as new T cells are recruited into the skin.

We next analyzed granzyme C expression in both gd T cell

populations after infection (Figures 2A–F). We observed the highest

average frequency of granzyme C+ DETCs on 5 dpi (~36%

compared to ~27% in naïve tissue) (Figure 2C). In contrast, the
Frontiers in Immunology 0389
highest frequency of granzyme C+ dermal gd T cells was observed

on 1 dpi (5.4 ± 0.81% compared to 3.05 ± 0.71% in naïve tissue)

(Figure 2D). DETCs expressed more granzyme C per cell than

dermal gd T cells, with the highest granzyme C MFI on 5 dpi

(Figure 2E). Dermal gd T cells did not increase granzyme C

expression levels by MFI during VACV infection (Figure 2F).

These data show that epidermal DETCs are the only cutaneous gd
T cell population to upregulate granzyme C during local

VACV infection.

We also analyzed the frequencies and numbers of endogenous

TCR ab CD8+ T cells that had entered the skin at the same

timepoints post-VACV infection (Figures S2A–F). At 5 dpi a

significant number of CD8+ T cells, defined as CD45.2 IV-,

CD45+, CD3+, Vg5−, TCR gd−, CD8b+, TCRb+, were recruited to

the infected skin (Figures S2A–C). Few CD8+ T cells expressed

granzyme C at this timepoint and the frequency of expression was

not increased by infection (Figures S2D–F). Together, these data

show that epidermal DETCs specifically respond to cutaneous

poxvirus infection with enhanced granzyme C production during

the first 5 days post-infection.
B C D

E

A

FIGURE 1

Gamma-delta T cells express granzyme C in the epidermis at steady-state. (A) Flow cytometry plots of cutaneous T cells isolated from sex- and age-
matched naïve specific-pathogen free C57BL/6 mice. Cells were gated on CD45+ CD45.2 IV- CD3+. DETCs were gated on CD45+ CD45.2 IV- CD3+

TCRgd+ Vg5+. Dermal gd T cells were gated on CD45+ CD45.2 IV- CD3+ TCRgd+ Vg5−. (B–D) Percentages, numbers, and mean florescence
intensities (MFI) of granzyme C in gd T cells. Dots represent individual ears. Error bars show the SEM. Results are representative of 3 experiments with
3 mice/group. Statistics = Mann-Whitney tests. (E) Confocal images of frozen cross-sections of uninfected ear skin from naïve specific-pathogen
free C57BL/6 mice. Boxed area is magnified in panels to the right. Scale bars represent 20 mm (left panel), 5 mm (middle panel), and 5 mm (right
panel). Images are representative of at least 3 images taken from 3 mice.
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Tissue-resident memory CD8+ T
cells express granzyme C in the
skin at steady-state

We next analyzed CD8+ TRM in the skin, another epidermal

lymphocyte population with notable antiviral activity (34, 35). We

infected mice with VACV-SIINFEKL and allowed for the

endogenous polyclonal VACV-specific CD8+ T cell response to

develop and TRM to form (36). On 28 dpi or greater, we harvested

skin, generated single-cell suspensions via enzymatic digestion, and

analyzed the frequency of granzyme C expressing T cells using flow

cytometry (Figures 3A–F). We first gated on CD45+, CD45.2 IV-,

CD8b+ cells. Both CD103 and CD69 are commonly used as tissue

residency markers to identify TRM in the skin (37). Therefore, we

classified CD8+ T cells in the skin based on CD103 and CD69

expression and analyzed granzyme C expression in each population

(Figures 3B–F). CD69+ CD103+ TRM had the highest frequency of

granzyme C expression at approximately 54% of the population. Cells

that did not express either CD69 or CD103 had the lowest frequency

of granzyme C expression at 11.8 ± 1.5%.We also analyzed granzyme

C expression in CD62L+ CD44+ central memory T cells in the

cervical lymph node and spleen. These non-tissue-resident memory

CD8+ T cells scantly expressed granzyme C (Figures S3A–C).

Furthermore, circulating CD62L+ CD44- naïve, CD62L+ CD44+

central memory, and CD62L- CD44+ effector memory CD8+ T cell

subsets expressed little granzyme C (Figures S3D–F).

As before, we verified granzyme C expression using confocal

imaging. For these experiments, we first transferred 1 x 104 dsRed-
Frontiers in Immunology 0490
expressing OT-I TCR transgenic CD8+ T cells (recognizing Kb-

SIINFEKL) into Cd8a-/- mice (deficient in CD8+ ab T cells) to

allow easy microscopic visualization of TRM cells in the skin. In

contrast to DETCs, we detected OT-I CD8+ T cells that expressed

granzyme C in both the dermis and epidermis at 28 dpi

(Figure 3G). We next quantified granzyme C expression in

dermal and epidermal OT-I TRM using confocal microscopy

(Figure S4A). Both dermal and epidermal cells expressed similar

levels of granzyme C based on the quantified intensity of

granzyme C fluorescence per cell (Figures S4B–C).

To complement our confocal and flow cytometric analyses of

granzyme C protein expression, we performed single-cell RNAseq

on OT-I CD8+ TRM isolated from the skin (Figure S5). At the

mRNA level, approximately 12% of Cd3e+ cells also expressed

detectable message for granzyme C. OT-I CD8+ T cells expressing

Gzmc also co-expressed Cd69 and Itgae (CD103), consistent with

our flow cytometry data. Other additional transcripts that were

highly co-expressed with Gzmc included Gzmb, Il2rb, Ifng, and

Prf1 (perforin).

Together these data show that granzyme C is expressed by

resting CD8+ TRM in mouse skin.
OT-I CD8+ TRM upregulate granzyme C
during secondary VACV infection

We next examined whether VACV-specific TRM would, like

DETCs, upregulate granzyme C during VACV infection, or whether
B

C D E F

A

FIGURE 2

Gamma-delta T cells maintain granzyme C expression during VACV skin infection. (A) Diagram of experimental design. Ear pinna of sex- and age-
matched C57BL/6 mice were infected epicutaneously with VACV-SIINFEKL. (B) Flow cytometry plots of cutaneous gd T cells isolated from ear pinna
of C57BL/6 mice at 1-, 3- 5-dpi with VACV-SIINFEKL. DETCs were gated on CD45+ CD45.2 IV- CD3+ TCRgd+ Vg5+. Dermal gd T cells were gated on
CD45+ CD45.2 IV- CD3+ TCRgd+ Vg5-. (C–F) Percentages and MFIs of granzyme C in gd T cells at indicated dpi. MFIs were determined from the
entire population (not granzyme C+ cells). Dots represent individual ears. Error bars show SEM. Statistics = Kruskal-Wallis tests. Data are pooled from
3 experiments with 3 mice/timepoint.
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this was a specific feature of gd T cells. For these experiments, we

continued analyses of CD103+ CD69+ VACV-specific CD8+ TRM in

the skin (37). On 28 dpi or greater, we reinfected the ear pinna of

mice with the same VACV that was used for initial infection and

analyzed T cells on day 2 post-reinfection (Figures 4A–C).

Secondary infection increased both the frequency and expression

level (MFI) of granzyme C in TRM compared to TRM frommice only

infected once (Figures 4D–F). Secondary infection also increased

the frequency and expression level of granzyme B- and IFN-g
-producing TRM (Figures 4G–J). Together, these data demonstrate

that CD8+ TRM upregulate granzyme C (along with known effector

molecules) during re-exposure to VACV.
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OT-I CD8+ TRM maintain granzyme C
expression in an Ag-independent manner

Although our data thus far suggested that granzyme C can be

upregulated in some antiviral T cells during viral infection, it was

unclear whether this was a response to recognition of cognate Ag

or inflammation induced by infection. To test whether Ag sensing

in the tissue was needed for increased granzyme C expression, we

again transferred 1 x 104 naïve OT-I CD8+ T cells into Cd8a-/-

mice. We then infected one ear with VACV-NP-S-eGFP

(expressing a fusion protein consisting of the nucleoprotein

from influenza virus, the SIINFEKL OT-I CD8+ T cell
B

C
D

E F

G

A

FIGURE 3

VACV-specific CD8+ T cells express granzyme C in the skin. (A) Diagram of VACV-SIINFEKL infection model to establish CD8+ TRM in the ear pinna
of age- and sex- matched C57BL/6 mice. Mice were infected using a bifurcated needle in the ear pinna with VACV-SIINFEKL. TRM were allowed to
develop for at least 28 dpi. (B) Flow cytometry plots of cutaneous CD8+ T cells. Cells were gated on CD45+ CD45.2 IV- CD8b+. (C) Flow cytometry
plots showing cutaneous granzyme C+ CD8+ T cells. CD8+ T cells were gated into four quadrants as shown based on the differential expression of
CD103 and CD69. (D) Total number of CD8+ T cells based on differential expression of CD103 and CD69. Dots represent individual ears. Error bars
show SEM. Statistics = Kruskal-Wallis tests. Results are representative of 3 independent experiments with 3 mice/group. (E, F) As in (D) but
percentages and numbers of granzyme C+ CD8+ T cells based on the differential expression of CD103 and CD69. (G) Confocal images of frozen
cross-sections of ear skin of Cd8a−/− mice that received 1 x 104 dsRed OT-I CD8+ T cells prior to epicutaneous infection with VACV-NP-S-eGFP
(containing SIINFEKL). Images were acquired at 28 dpi. Boxed areas are magnified in panels to the right. Scale bars represent 30 mm (left panel), 10
mm (middle panel), and 10 mm (right panel). Images are representative of at least 5 images taken from 2 mice.
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determinant, and eGFP) and the other ear with VACV-NP-eGFP

(an identical virus that lacks SIINFEKL) as previously described

(32) (Figure 5A). On 7-, 14-, 21-, and 28- dpi, we removed each

ear (keeping them separate), created single-cell suspensions, and

analyzed cells via flow cytometry (Figures 5B–F). The number of

OT-I CD8+ T cells per ear were similar between ears infected with

virus expressing or lacking cognate Ag on days 7 and 14 dpi

(Figure 5C). On 21 and 28 dpi, we noted a significant increase in

the number of OT-I CD8+ T cells in the ears infected with VACV-

NP-S-eGFP compared to the ears infected with VACV lacking

cognate Ag, consistent with previous reports (38) (Figure 5C).
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Granzyme C expression was detectable in OT-I CD8+ T cells in

the skin by 7 dpi and occurred in T cells present in ears lacking

cognate Ag expression (Figures 5D–F). Over time, granzyme C

expression was maintained in ears lacking cognate Ag expression,

although frequencies of granzyme C+ OT-I CD8+ T cells were

slightly higher in ears containing cognate Ag. Accordingly, there

were higher numbers of OT-I CD8+ T cells expressing granzyme

C in the ears containing cognate Ag at 21 and 28 dpi (Figure 5F).

These data show that CD8+ T cells do not require cognate Ag

expression in the skin to produce granzyme C; however, cognate

Ag may bolster expression.
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FIGURE 4

TRM upregulate granzyme C during secondary VACV infection. (A) Diagram depicting primary and secondary infection with VACV. C57BL/6 mice
were epicutaneously infected in both ears with VACV-SIINFEKL. At least 28 days later, mice were reinfected epicutaneously with the same virus. Ears
were removed for analyses on day 2 after secondary infection. (B) Flow cytometry plots of cutaneous CD8+ T cells after primary or secondary
infection with VACV-SIINFEKL. Initial gating was on CD45+ CD45.2 IV- cells. (C) Total number of CD8+ TRM cells gated as CD45+ CD45.2 IV- CD8b+

CD103+ CD69+. Dots show individual ears. Error bars show SEM. Statistics = Mann-Whitney test. Results are representative of 1 experiment of 3 with
3 mice/group. (D) Flow cytometry plots showing staining for granzyme C (top panels), granzyme B (middle panels), and IFN-g (bottom panels) in
cutaneous CD8+ TRM during initial (left panels) or secondary (right panels) VACV infection and corresponding FMOs. (E–J) As in (C) but percentages
and MFIs of CD8+ TRM expressing granzymes C, B, and IFN-g.
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OT-I CD8+ TRM upregulate granzyme
C in response to both viral infection
and TCR engagement

Although cognate Ag was not needed for continued granzyme C

expression, we next queried whether TCR engagement during

secondary infection could upregulate granzyme C. As before, we

transferred 1 x 104 naïve OT-I CD8+ T cells into Cd8a-/- mice and

infected both ears with VACV-NP-S-eGFP (containing cognate Ag)

to establish OT-I CD8+ TRM in both ears under the same

conditions. Beyond 28 dpi, we reinfected one ear with VACV-

NP-S-eGFP and the other ear with VACV-NP-eGFP (lacking

cognate Ag) (Figure 6A). Flow cytometric analysis revealed no

statistical difference in the frequency of granzyme B and C

expressing CD8+ TRM in the skin during secondary infection in

the presence or absence of cognate Ag (Figures 6B–E). Granzyme A
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expression, however, trended toward increased expression in the

absence of cognate Ag (Figures 6B, C). Thus, viral infection alone

can drive the upregulation of granzyme C in CD8+ TRM.

In the converse experiment, we assessed whether cognate Ag alone

could drive upregulation of granzyme C (without virus-induced

inflammation). After the establishment of OT-I CD8+ TRM, we

injected SIINFEKL peptide intravenously and harvested the ear

pinna 6 hours post-injection (Figure 6F). Flow cytometric analyses

revealed significant upregulation of granzyme C+ OT-I CD8+ TRM

after peptide injection (Figures 6G–J). The frequency of granzyme B+

TRM also increased even more dramatically, while granzyme A

remained relatively unchanged. Together, these data suggest

granzyme C can be upregulated by both virally induced

inflammation or TCR stimulation in the absence of other

inflammatory stimuli. Furthermore, they reveal differential regulation

of specific granzyme expression in response to different stimulation.
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FIGURE 5

CD8+ OT-I T cells recruited to the skin express granzyme C in an antigen-independent manner. (A) Experimental design. Cd8a−/− mice received 1 x
104 dsRed OT-I CD8+ T cells prior to epicutaneous infection in one ear with VACV-NP-S-eGFP (expressing the cognate Ag SIINFEKL) and the other
ear with VACV-NP-eGFP (no cognate Ag). Ears were harvested at various times post-infection to examine granzyme C expression in ears with or
without cognate Ag expression. (B) Flow cytometry plots of cutaneous dsRed OT-I CD8+ T cells at 7 dpi and 28 dpi isolated from separate ears
infected with VACV-NP-S-eGFP (with cognate Ag) or VACV-NP-eGFP (no cognate Ag). Cells initially gated as CD45+ CD45.2 IV-. (C) Numbers of
OT-I CD8+ T cells present in ears infected with VACV-NP-S-eGFP (with cognate Ag, green bars) or VACV-NP-eGFP (no cognate Ag, red bars) at 7-,
14-, 21-, and 28-dpi. OT-I CD8+ T cells were gated as CD45+ CD45.2 IV- dsRed+ CD8a+. Dots represent individual ears. Error bars show SEM.
Pooled data are shown from 2 independent timecourse experiments with 3 mice/group. Statistics = Kruskal-Wallis tests. (D) Flow cytometry plots of
dsRed OT-I CD8+ T cells at 28 dpi gated on granzyme C. (E, F) As in (C) but frequencies and numbers of granzyme C+ dsRed OT-I CD8+ T cells on
the indicated dpi.
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Skin-resident T cells upregulate granzyme
C in response to IL-15 administration

We next explored whether local cytokine changes could promote

granzyme C expression in the absence of cognate Ag recognition. The

cytokine IL-15 is induced during many acute viral infections and is

important for tissue-resident lymphocyte maintenance (39, 40). In

vitro, IL-15 upregulates granzyme C expression in isolated liver ILC1s

(13). We therefore explored whether in vivo treatment with IL-15

alone could induce granzyme C expression. We first assessed the

effect of IL-15 administration on DETCs. We intraperitoneally (IP)
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injected naïve wild-type C57BL/6 mice with exogenous IL-15 every

48 hr (three treatments) and harvested the ear pinna on day 7

(Figure 7A). Mice from the IL-15 treatment group had a higher

number but not frequency of DETCs compared to the vehicle control

(Figures 7B–D). DETCs in mice treated with IL-15 had an increased

frequency of granzyme C expression andMFI compared to DETCs in

mice receiving vehicle control (Figures 7E, F). IL-15 treatment also

increased the expression level (MFI) and frequency of dermal gd T

cells expressing granzyme C, though this remained low compared to

DETCs (Figure S6). Confocal imaging also revealed numerous

granzyme C+ DETCs in IL-15-treated mice (Figure 7G).
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FIGURE 6

OT-I CD8+ TRM can upregulate granzyme C in response to either viral infection or cognate Ag. (A) Experimental design. Cd8a−/− mice received 1 x
104 dsRed OT-I CD8+ T cells prior to epicutaneous infection in both ears with VACV-NP-S-eGFP (expressing the cognate Ag SIINFEKL) to establish
OT-I CD8+ TRM. At least 28 days later, mice were infected in one ear with VACV-NP-S-eGFP (expressing the cognate Ag SIINFEKL) and the other ear
with VACV-NP-eGFP (no cognate Ag). Ears were removed for analyses on day 2 after secondary infection. (B) Overlaid histograms showing
expression of granzymes A, B, and C along with corresponding FMOs in OT-I CD8+ TRM from ears expressing or lacking cognate antigen. OT-I CD8+

TRMs were gated as CD45.2 IV- CD45+ CD8b+ dsRed+ CD69+ CD103+. (C–E) Frequencies of granzyme A+ B+ or C+ OT-I CD8+ TRM from ears
infected with either VACV-NP-S-eGFP or VACV-NP-eGFP. Dots represent individual ears. Error bars = SEM. Statistics = Mann-Whitney tests. Data are
pooled from 2 experiments with 4 or 5 mice/group. (F) Experimental design. Cd8a−/− mice received 1 x 104 dsRed OT-I CD8+ T cells prior to
epicutaneous infection in both ears with VACV-SIINFEKL. At least 28 days later, mice were IV injected with either SIINFEKL peptide or vehicle control
and harvested 6 hours after injection. OT-I CD8+ TRMs were gated as CD45.2 IV- CD45+ CD8b+ dsRed+ CD69+ CD103+. (G) As in (B) but histograms
of granzymes A, B, and C between mice treated with SIINFEKL peptide or vehicle control. (H–J) As in (C–E) but frequencies of granzyme A+, B+, or
C+ OT-I CD8+ TRM between mice having received SIINFEKL peptide or vehicle control. Dots represent individual ears. Error bars = SEM. Statistics =
Mann-Whitney tests. ns, not statistically significant. Data are pooled from 2 experiments with 4 mice/group.
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Having demonstrated exogenous IL-15 administration could

upregulate granzyme C expression in skin-resident gd T cells, we

examined whether IL-15 would have the same effect in CD103+

CD69+ CD8+ TRM. As before, we infected C57BL/6 mice with

VACV-SIINFEKL and allowed for the endogenous polyclonal

VACV-specific CD8+ T cell response to develop (36). On 28 dpi

or greater, we administered IL-15 via IP injection as before,
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generated single-cell suspensions via enzymatic digestion from

the ear pinna and analyzed the frequency of granzyme C-

expressing T cells using flow cytometry (Figures 7H–K). Like

the DETCs, IL-15 increased TRM expression of granzyme C (in

both frequency and MFI) compared to vehicle controls

(Figures 7I–K). Thus, granzyme C expression is also cytokine

responsive in vivo.
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FIGURE 7

Skin-resident T cells upregulate granzyme C after IL-15 administration. (A) Experimental design. Naïve C57BL/6 mice were injected IP with 5 µg of
recombinant IL-15 every 48 hr (three treatments). Ear pinna were harvested on day 7 post-treatment. (B) Flow cytometry plots of cutaneous T cells
from C57BL/6 mice either treated with IL-15 or vehicle control. Cells were gated on CD45+ CD45.2 IV- CD3+. DETCs were gated on CD45+ CD45.2
IV- CD3+ TCRgd+ Vg5+. (C, D) Numbers and frequencies of DETCs isolated C57BL/6 mice either treated with IL-15 or vehicle control. Dots represent
individual ears. Error bars = SEM. Statistics = Mann-Whitney tests. ns, not statistically significant. Data representative of 2 independent experiments
with 4 mice/group. (E, F) As in (C, D) but frequencies of granzyme C+ DETCs and MFIs of granzyme C in all DETCs in IL-15- or vehicle-treated mice.
(G) Confocal images of frozen cross-sections of ears of naive C57BL/6 mice either treated with IL-15 or vehicle control. Top images show all colors
green (TCR gd AlexFluor 488), white (granzyme C), blue (DAPI-nuclear stain). Bottom images remove green (TCR gd AlexFluor 488) channel to better
reveal granzyme C signal (white). Scale bars represent 30 mm. Images are representative of at least 3 images taken from 3 mice/group. (H)
Experimental design. Age- and sex- matched C57BL/6 mice were infected with VACV-SIINFEKL for at least 28 days for TRM formation. At least 28
days post-infection, mice were injected IP with IL-15 every 48 hr. Ear pinna were harvested on day 7 post-treatment. (I) Overlaid histograms of
granzyme C expression in CD8+ TRM in IL-15- or vehicle-treated mice. CD8+ TRM gated on CD45.2 IV-, CD45+, CD3+, Vg5−, TCR gd−, CD8b+,
CD103+, CD69+ cells. (J, K) Frequencies of granzyme C+ CD8+ TRM and granzyme C MFIs in all TRM between treatment groups. Dots represent
individual ears. Error bars = SEM. Statistics = Mann-Whitney tests. Data representative of 2 independent experiments with 4 mice/group.
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Discussion

Mice can express many different granzymes, some of which do

not have established function or known immunological roles. One

of these, granzyme C was recently identified as a definitive marker

for mature antiviral ILC1s as these cells continually produce

granzyme C in the liver (13). However, it was unknown if other

antiviral lymphocytes express granzyme C and whether its

expression is regulated in vivo by viral infection. Here, using flow

cytometry, confocal microscopy, and single-cell RNA-seq, we

demonstrate that different innate and adaptive antiviral T cell

subsets express granzyme C in the skin. During homeostasis,

some DETCs and most TRM present in the epidermis expressed

granzyme C. Poxvirus infection of the skin upregulated granzyme C

production by both DETCs and TRM. Interestingly, cognate Ag

recognition in the tissue was not required for maintained granzyme

C expression by TCR-transgenic OT-I CD8+ T cells. Nonetheless,

cognate Ag recognition enhanced granzyme C expression.

Additionally, IL-15 treatment also enhanced granzyme C

expression by DETCs and virus-specific TRM. Together, our data

reveal that granzyme C expression is more widespread than

previously appreciated and is responsive to both environmental

cues and TCR engagement.

An important question remains: what is the function of

homeostatic granzyme C expression? Other studies have shown

that granzyme C can be expressed without contact with tumor or

virally infected cells, hinting at other roles for granzyme C besides

the direct cytolysis of target cells. Most experiments examining

granzyme C-mediated cytolysis have been performed in vitro (3, 11,

13, 41, 42). The most compelling in vivo data for granzyme C-

mediated killing demonstrated that the constitutive activation of

granzyme C+ cells led to perforin-dependent lethality in uninfected

neonatal mice (13). However, perforin knockout mice also

succumbed to death in this model, albeit with a delay of several

weeks. Furthermore, the crystal structure of granzyme C has

revealed that this protease may be auto-inhibited under normal

circumstances (43). Thus, the function of granzyme C may be

multifactorial but remains unestablished.

There are demonstrated non-canonical roles for other

granzymes. Some have been shown to play a pro-inflammatory

role during infection. Granzymes A and B in humans and mice are

produced at high levels during various viral infections including

HIV, CHIKV, and EBV (6, 44, 45). In a mouse model of CHIKV

infection, granzyme A promoted arthritic foot swelling but not viral

clearance (45). Granzyme K is a marker of a unique age-associated

CD8+ T cell population in both humans and mice, which may

induce fibroblast secretion the pro-inflammatory cytokines IL-6,

CCL2, and CXCL1 (7). Granzyme C can be upregulated in mast

cells activated with IL-33 (46).

Granzymes can also directly inhibit viruses via the cleavage of

viral proteins (6). Murine granzyme B degrades the herpes simplex

virus type 1 (HSV-1) immediate early protein ICP4 (needed for

transcription of early and late viral genes) (47, 48). Granzyme M

inhibits human cytomegalovirus (HCMV) replication through the

cleavage of the viral protein pp71 (49). Additionally, granzyme H,
Frontiers in Immunology 1096
the human ortholog of granzyme C, can cleave DNA-binding

protein and the granzyme B-inhibiting 100k assembly protein of

adenovirus (50). Future studies will be needed to determine whether

granzyme C also has direct antiviral effects through the degradation

of specific viral proteins.

IL-15 is an important cytokine for tissue-resident antiviral

protection. DETCs, TRM, and ILC1s all reside in barrier epithelia,

and all require IL-15 for their development and/or maintenance

(25, 51–53). Originally identified as a T cell proliferation factor, IL-

15 can be expressed throughout the body by antigen-presenting

cells (APCs), bone-marrow stromal cells, and epithelial lineages

such as human and mouse epidermal keratinocytes (54–57). IL-15

is expressed as both soluble and trans-presented forms, the latter of

which is thought to represent the most physiologically relevant

form of the cytokine (58). During IL-15 trans-presentation, IL-15 is

bound to the IL-15 receptor a (IL-15Ra) and traffics to the cell

surface as an IL-15/IL-15Ra complex (58). Stimulation by IL-15

therefore requires contact between the recipient cells and IL-15/IL-

15Ra trans-presenting cell (59). We show here that IL-15

upregulates granzyme C expression in tissue-resident lymphocytes

in vivo. IL-15 may enhance granzyme C expression independent

from its canonical function, for example as a consequence of

cytokine-driven cellular expansion. Alternatively, granzyme C, a

serine protease, may help to liberate this or other cytokines for use

by tissue-resident lymphocytes. The unique positioning of DETCs

within the epidermis and the expression of granzyme C along their

dendritic extensions of DETCs might also suggest a strategy to

distribute granzyme C as widely as possible in the epidermis.

Granzyme C upregulation after IL-15 stimulation suggests that

granzyme C expression might serve as a surrogate to identify cells

receiving IL-15 during homeostasis, infection, and inflammation.

Interestingly, human granzyme K expression was identified as a

feature of both gd T cell and innate CD8+ T cell subsets and is

upregulated in response to cytokine stimulation rather than TCR

stimulation (60). Our data reveal that a smaller percentage of

DETCs express granzyme C than CD8+ TRM, at least at the

timepoints we examined. This may reflect the recent development

of TRM in the epidermis and more recent IL-15 acquisition by TRM.

Interestingly, TRM and DETCs exhibit different motility in the

epidermis (35), which might cause differences in IL-15 acquisition

as these cells perambulate through the keratinocytes.

Our data provide a framework for understanding granzyme

C expression by antiviral lymphocytes in the skin. Rather than

being developmentally programmed, granzyme C expression

was dynamic and reflected the current tissue status. Given the

functional versatility of granzymes, the deletion of granzyme C

in select lymphocyte populations may disrupt viral clearance

either through reduced lysis of virally infected cells or the

inhibition/degradation of viral proteins. Alternatively, knocking

out granzyme C may impair pro-inflammatory pathways or

reduce the ability of lymphocytes to migrate through the dense

tissue microenvironment. Although CRISPR editing is an attractive

approach to knockout granzyme C expression in OT-I CD8+ TRM,

granzyme gene homology will necessitate careful validation to

ensure proper targeting of only granzyme C. Furthermore, this
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approach could not be employed for other tissue-resident cells that

are seeded embryonically or neonatally. Therefore, the creation of

animal models deleting granzyme C expression will be required to

fully unravel the role(s) of this enigmatic protease during antiviral

immune responses. Nonetheless, the widespread increase in

granzyme C expression in skin-resident lymphocytes in response

to viral infection or cytokine stimulation suggests that this protease,

like other granzymes, could be an important contributor to antiviral

immunity in the tissue.
Materials and methods

Mice

Specific pathogen-free C57BL/6N mice were obtained from

Taconic Farms. dsRed (Stock Tg(CAG-DsRed*MST)1Nagy/J,

#5441); Cd8a-/- (B6.129S2-Cd8atm1Mak/J, #2665); and albino

C57BL/6 (B6(Cg)-Tyrc-2J/J, #58) mice were obtained from Jackson

Laboratories. Rag1-/- (Line 146); Rag2-/-Il2rg-/- (Line 111); T-

betZsGreen (Line 8419); and OT-I TCR transgenic (C57BL/6NAi-

[Tg]TCR OT-1-[KO]RAG1, Line 175) mice were obtained from the

NIAID Intramural Research Repository at Taconic Farms. dsRed

mice were crossed with OT-I TCR transgenic mice to create dsRed

OT-I mice. Rag1-/- mice were crossed with T-betZsGreen mice and

bred to homozygosity to create Rag1-/- T-betZsGreen mice. Cd8a-/-

mice were crossed with B6 albino mice and bred to homozygosity to

create albino Cd8a-/- mice. 6- to 20-week-old male and female mice

were used in experiments. All mice were maintained on standard

rodent chow and water supplied as necessary. All animal studies

were approved by and performed in accordance with the Animal

Care and Use Committee of NIAID.
Microbe strains

Viruses used for this study included VACV-NP-S-eGFP

(expressing a fusion protein consisting of influenza nucleoprotein,

the SIINFEKL T cell determinant, and eGFP); VACV-NP-eGFP (an

identical virus to VACV-NP-S-eGFP that lacks SIINFEKL); VACV-

SIINFEKL (expressing residues 257-264 of ovalbumin).

Recombinant VACV viruses were generated as TK- viruses using

the Western Reserve strain of VACV and have been previously

described (32, 61).
Method details

Viral infections and enzymatic tissue dissociation
Mice were infected in the dorsal ear pinna as previously

described (33, 62) with 5 pokes of a bifurcated needle dipped in

VACV. VACV infection was performed with VACV-SIINFEKL (1

x 108 pfu), VACV-NP-S-eGFP (2.1 x 108 pfu), or VACV-NP-eGFP

(2.4 x 108 pfu). At the indicated time, ears were harvested, separated

into dorsal and ventral sides, diced, and digested in RPMI
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(Worthington), DNAse (Worthington), and brefeldin A solution

1000x (Biolegend) at a 1:1000 dilution for 1 hr at 37°C. Spleens and

cervical lymph nodes were harvested and homogenized using a

pestle in RPMI containing 7.5% FBS and brefeldin A solution 1000x

(Biolegend) at a 1:1000 dilution.
Blood collection and lymphocyte isolation

Prior to blood collection mice were IV injected with 200 µls of

saline containing brefeldin A solution (Biolegend) at a 1:100

dilution. Mice were immediately placed under isoflurane

anesthesia and blood was collected through terminal retro-orbital

eye bleeds. BioWhittaker Lymphocyte Separation Medium (LSM)

(Lonza) was then used to isolate lymphocytes.
Flow cytometry analyses

To distinguish IV+ cells, mice were injected with 3 µgs of pacific

blue-conjugated CD45.2 (clone 104.2) intravenously as previously

described 3 minutes prior to tissue isolation (63). Suspensions were

filtered through 70 µm nylon cell strainers. Cells were stained with a

combination of the following antibodies: CD45 (clone 30-F11),

CD45.2 (clone 104), CD3 (clone 17A2), CD8b (clone H35-17.2 or

YTS156.7.7), CD8a (clone 53-6.7), CD69 (clone H1.2F3), CD103

(clone 2E7), Va2 (clone B20.1), TCRb (clone H57-597), TCR gd
(clone GL3), Vg5 (Tonegawa’s nomenclature (clone 536)),

granzyme A (GzA-3G8.5), granzyme B (clone 16G6 or NGZB),

granzyme C (clone SFC1D8), IFN-g (clone XMG1.2), Armenian

Hamster IgG Isotype Control (clone HTK888), CD62L (clone MEL-

14), CD44 (clone IM7) and fixable viability dyes (Zombie Aqua)

from Biolegend, eBiosciences, Invitrogen, or BD Biosciences diluted

in PBS and brefeldin A solution (Biolegend) at a 1:1000 dilution.

Cells were fixed with 3.2% paraformaldehyde for 15 minutes and

intracellular staining was done using 0.5% saponin in Hanks

Balanced Salt Solution (HBSS) + 0.1% Bovine Serum Albumin

(BSA) for 1 hr at room temperature. dsRed+ cells were identified

based upon fluorescent protein expression. Cells were analyzed on a

Fortessa flow cytometer (BD Biosciences) or 5L 16UV-16V-14B-

10YG-8R Aurora (Cytek) and resultant data analyzed using FlowJo

software (Treestar).
Drug and Peptide treatment

Recombinant murine IL-15 (PeproTech) was reconstituted in

water and diluted in sterile saline solution prior to intraperitoneal

(IP) injection of 5 µg/mouse every 48 hr for a total of 3 treatments.

Ears were harvested 7 days after the start of the first treatment.

SIINFEKL peptide (GenScript) was reconstituted in dimethyl

sulfoxide (DMSO) and diluted in sterile saline solution prior to

one time IV injection of 200 µg of peptide/mouse. Ears were

harvested 6 hours after peptide injection.
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Adoptive transfer of OT-I CD8+ T cells

CD8+ T cells were purified from spleens and lymph nodes using

an EasySep Mouse CD8+ T cell Isolation Kit (Negative Selection)

according to the manufacturer’s instructions (Stem Cell

Technologies). Cells were naïve (CD69-) (antibody information

clone: H1.2F3) and > 90% pure by flow cytometry prior to IV

transfer. Unless otherwise noted, mice received a standard dose of 1

x 104 OT-I CD8+ T cells prior to infection.
Confocal microscopy of frozen
tissue sections

Ears were removed on the indicated dpi, fixed in periodate-

lysine-paraformaldehyde (PLP) for 24 hr, and moved to 30%

sucrose/PBS solution for 24 hr. Ears were embedded in optimal-

cutting-temperature (OCT) medium (Electron Microscopy

Sciences) in cross-section orientation and frozen in dry-ice-

cooled 2-methylbutane. 16-µm sections were cut on a Leica

cryostat (Leica Microsystems), blocked with HBSS, 0.1% BSA,

10% bovine and donkey serum, 0.05% Triton X. Tissues were

stained with a combination of the following antibodies: purified

granzyme C (clone SFC1D8), Alexa Fluor 647 AffiniPure Goat

Anti-Armenian Hamster IgG (H+L) or Alexa Fluor® 594

AffiniPure Goat Anti-Armenian Hamster IgG (H+L), purified

Cytokeratin 6 (clone SP87), Alexa Fluor 647 AffiniPure Donkey

Anti-Rabit IgG (H+L), conjugated Alexa Fluor 488 anti-mouse

TCR g/d (clone GL3) antibody, and nuclei stained using DAPI

from Biolegend, ThermoFisher, or Jackson ImmunoResearch.

Antibodies were diluted in HBSS, 0.1% BSA, 10% bovine and

donkey serum, 0.05% Triton X. Images were acquired on a Leica

SP8 confocal microscope equipped with hybrid detectors or a

Leica Stellaris 8.
Cell sorting and single-cell RNA-seq

Rag1-/- T-betZsGreenmice received 1 x 104 dsRed OT-I CD8+ T

cells prior to infection with VACV-SIINFEKL. At the indicated

time post infection, mice were injected with 3 µgs of pacific blue-

conjugated CD45.2 (clone 104.2) IV as previously described 3

minutes prior to tissue isolation to distinguish IV+ cells (63). Ears

were harvested, separated into dorsal and ventral sides, diced, and

digested in RPMI containing 7.5% fetal bovine serum (FBS),

collagenase I (Worthington), and DNAse (Worthington) for 1 hr

at 37°C. Suspensions were filtered through 70 µm nylon cell

strainers. Cells were stained with a combination of the following

antibodies: CD45 (clone 30-F11), CD8a (clone 53-6.7) along with

Zombie Aqua viability dye. Using a BD FACS Aria III Cell Sorter,

OT-I CD8+ T cells and Tbet-ZsGreen group I ILCs were sorted as

Viability Dye- CD45.2 IV- CD45+ dsRed+ CD8a+ or ZsGreen+ cells,

respectively, into RPMI containing 10% FBS and HEPES (25 mM).

Cells were centrifuged and resuspended in RPMI containing 10%

FBS and HEPES (25 mM) at a 1000 cells/ml concentration.
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Single-cell RNA-seq library generation

Two technical replicates of the Rag1-/- T-betZsGreen ear samples

were collected for single-cell RNA sequencing using Chromium

Next GEM Single Cell 3’ v3.1 standard kit (10X Genomics,

Pleasanton, CA). Approximately 3000 cells were targeted in each

single-cell preparation. For the preparation of the cDNA and

sequencing library generation, libraries were prepared as

described in the Chromium Next GEM Single Cell 3’ Reagent Kit

v3.1 (Dual Index) user guide to produce barcoded cDNA and

perform Illumina sequencing library preparation.
Single-cell RNA-seq library sequencing,
and analysis

The Illumina library quality was assessed by TapeStation D1000

high sensitivity reagent kit (Agilent, Santa Clara, CA), and DNA

concentration was measured by Qubit High Sensitivity reagent kit

(Thermo Fisher, Waltham, MA). Samples were diluted for

sequencing and pooled equimolarly according to Illumina

sequencing protocol to a final concentration of approximately 650

pM. Sequencing was performed NextSeq2000 instrument using two

P3 200 cycle kits (Illumina, San Diego, CA) to target approximately

50,000 reads per cell.

After sequencing, the FastQ files were submitted to Cell Ranger

‘count’ and ‘aggregate’ functions. Sample Rag1-/- T-betZsGreen

Ear_1 had 2,744 passing cells with 1,986 median genes per cell

and Rag1-/- T-betZsGreen Ear _2 had 1,910 passing cells with 2,180

median genes per cell. Sequencing saturation for both libraries were

64.8% and 76.8%, respectively. After all quality control of the

replicates, the expression of granzyme C and other genes were

analyzed in the Loupe browser (10X Genomics, Pleasanton, CA).
Statistical analyses

Significances were assessed using Prism software (GraphPad)

using a Kruskal-Wallis Test (3 or more groups) or unpaired two-tail

Mann-Whitney test (2 groups) as indicated in the figure legends.

Exact P values are shown throughout, statistical significance was set

at P ≤ 0.05.
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Human adipose tissue as a major reservoir
of cytomegalovirus-reactive T cells.
Front. Immunol. 14:1303724.
doi: 10.3389/fimmu.2023.1303724

COPYRIGHT

© 2023 Redruello-Romero, Benitez-Cantos,
Lopez-Perez, Garcı́a-Rubio, Tamayo,
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reservoir of cytomegalovirus-
reactive T cells
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Francisco Tamayo5, Daniel Pérez-Bartivas1,
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Jose D. Puentes-Pardo1,4, Jose R. Vilchez1,7,
Miguel Á. López-Nevot1,2,7, Federico Garcı́a1,8,9, Carlos Cano10,
Josefa León1,11‡ and Ángel Carazo1,8‡
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Research Institute of Granada (ibs.GRANADA), Granada, Spain, 7Clinical Analyses and Immunology
Unit, Virgen de las Nieves University Hospital, Granada, Spain, 8Clinical Microbiology Unit, San Cecilio
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Diseases, Health Institute Carlos III, Madrid, Spain, 10Department of Computer Science and Artificial
Intelligence, University of Granada, Granada, Spain, 11Digestive Unit, San Cecilio University Hospital,
Granada, Spain
Introduction: Cytomegalovirus (CMV) is a common herpesvirus with a high

prevalence worldwide. After the acute infection phase, CMV can remain latent in

several tissues. CD8 T cells in the lungs and salivary glands mainly control its

reactivation control. White adipose tissue (WAT) contains a significant population

of memory T cells reactive to viral antigens, but CMV specificity has mainly been

studied in mouse WAT. Therefore, we obtained blood, omental WAT (oWAT),

subcutaneous WAT (sWAT), and liver samples from 11 obese donors to

characterize the human WAT adaptive immune landscape from a phenotypic

and immune receptor specificity perspective.

Methods: We performed high-throughput sequencing of the T cell receptor

(TCR) locus to analyze tissue and blood TCR repertoires of the 11 donors. The

presence of TCRs specific to CMV epitopes was tested through ELISpot assays.

Moreover, phenotypic characterization of T cells was carried out through flow

cytometry.

Results: High-throughput sequencing analyses revealed that tissue TCR

repertoires in oWAT, sWAT, and liver samples were less diverse and dominated

by hyperexpanded clones when compared to blood samples. Additionally, we

predicted the presence of TCRs specific to viral epitopes, particularly from CMV,

which was confirmed by ELISpot assays. Remarkably, we found that oWAT has a

higher proportion of CMV-reactive T cells than blood or sWAT. Finally, flow

cytometry analyses indicated that most WAT-infiltrated lymphocytes were

tissue-resident effector memory CD8 T cells.
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Discussion: Overall, these findings postulate human oWAT as a major reservoir of

CMV-specific T cells, presumably for latent viral reactivation control. This study

enhances our understanding of the adaptive immune response in human WAT and

highlights its potential role in antiviral defense.
KEYWORDS

T cell receptor, adipose tissue, cytomegalovirus, tissue-resident memory T cells,
antigen prediction
1 Introduction

Cytomegalovirus (CMV) is a common type of herpesvirus that

has a high prevalence in the population, infecting 50-90% of adults

in developing countries (1). In most cases, patients are

asymptomatic. In immunocompetent conditions, the viral

reactivation is controlled by blood-circulating and tissue-resident

leukocytes, particularly by CD8+ T cells (2). However, infections in

immunocompromised individuals can lead to severe conditions and

even death (3). In this context, studies of latent infection control

among the body have pinpointed adipose tissue as a relevant

reservoir of adaptive immune cells for lifelong control of CMV

infection (4, 5).

The understanding of white adipose tissue (WAT) has

noticeably evolved. Initially regarded as a mere storage of neutral

lipids, it is currently considered an endocrine organ, essential in

regulating systemic energy homeostasis (6). In addition, WAT plays

a role in non-shivering thermogenesis by the generation of a

particular kind of thermogenic adipocyte (7). This multi-

functional vision of WAT is still changing since a new role as an

immune organ is emerging (8).

Different cell types occur in WAT, including white and

thermogenic adipocytes, fibroblasts, endothelial cells, different

populations of stem cells and a wide variety of leukocytes (from

both, adaptive and innate immune systems) (9). They all contribute

to the main functions of WAT: energy storage, endocrine

regulation, non-shivering thermogenesis, and host defense.

Therefore, WAT is currently seen as a complex tissue full of

synergistic interactions between different cell types (8, 10–13).

WAT contains a lymphoid structure called fat-associated

lymphoid clusters (FALCs) or milky spots (8, 14, 15). Regarding
, Constant gene segment
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immune defense, FALCs resemble secondary or tertiary lymphoid

organs. They are particularly interesting in the peritoneal cavity

since they filter peritoneal fluid and capture soluble antigens (16).

When microbial antigens are detected, fibroblastic reticular cells in

FALCs recruit peripheral monocytes and promote the formation of

new FALCs. This is followed by rapid activation of T and B cells.

FALCs contain a huge amount of memory T cells (8, 9, 17).

Most of them belong to the resident memory compartment and do

not recirculate. This accumulation of tissue-resident memory T cells

(Trm) in FALCs has two advantages. Firstly, WAT connects all

organs with lymphoid structures and, during inflammation, lymph

leak from vessels reaching WAT lymphatics and FALCs. Therefore,

this mechanism works synergistically with classic lymphatic

drainage. Secondly, the main source of energy in Trm is

mitochondrial fatty acid oxidation (17). Interestingly, upon

microbial challenge, adipocytes increase lipolysis making fatty

acids available to Trm (13). In a nutshell, T cells in FALCs are

located in a strategic location full of fuel to respond to microbes’

reencounter. Besides, CD8+ Trm in WAT shows a higher

proliferative potential than Trm in other locations and co-

expresses IFN-g and TNF-alfa 1h after activation (17).

A fraction of WAT-resident memory T cells has been

demonstrated to be reactive to viral antigens (17, 18). At present,

only a few works (mainly in murine models) have studied the WAT

reservoir of viral-specific memory T cells (4, 17). Murine CMV-

specific CD8 T cells have been identified in mice adipose tissue and

have been associated with the control of lifelong infection (4). Some

studies in humans have described the role of a minor subpopulation

of CMV-specific CD4+ T cells in sWAT of patients coinfected with

human immunodeficiency viruses (HIV) and CMV (5), and the

presence of Trm cells reactive to CMV antigens in respiratory

mucosa (19).

The antigen specificity of a T cell is determined by its T cell

receptor (TCR) sequence. High-throughput sequencing of the TCR

repertoire can provide a snapshot of the clonal expansion level of an

immune reservoir, as well as its antigen specificities if a given TCR

has a known, experimentally determined, cognate antigen. In the

present work we have generated TCR libraries of 11 donors from

blood, omental WAT (oWAT), subcutaneous WAT (sWAT) and

liver to study the adaptive immunity landscape of tissue reservoirs.

We found T cells annotated to be specific to common viral

pathogens in WAT, specially to CMV antigens. The presence of

CMV-specific T cells in human WAT was confirmed by ELISpot
frontiersin.org
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assays in all CMV-seropositive donors. Moreover, we characterized

the phenotype of WAT-infiltrating T cells by flow cytometry. The

fact that tissue-resident effector memory T cells (Tem) are the most

abundant population in WAT, together with the enrichment in

CMV-specific T lymphocytes, supports the hypothesis that WAT

contains an immunological reservoir responsible for controlling

reactivation of latent CMV in humans.
2 Results

2.1 Baseline characteristics of patients

Table 1 shows details on data of age, sex, type 2 diabetes (T2D),

hypertension, body mass index (BMI), glucose, glycated

hemoglobin (HbA1c), C-reactive protein (CRP), cholesterol,

triglycerides, high-density lipoprotein (HDL), low-density

lipoprotein (LDL), CMV and EBV (Epstein-Barr virus)

seropositivity. Women were predominant, around 64% of

patients, due to social constraints in our geographic environment.
2.2 TCR repertoire analysis

In order to study the immune receptor landscape in different

tissue compartments, we assessed TCRb repertoire diversity and

overlap in obese patients from blood, oWAT, sWAT, and liver. It

must be noted that liver samples were exclusively used for TCRb
analyses due to the small size of hepatic biopsies. We obtained a

total of 5 million reads covering full V-D-J regions (400-600 bp

long). After identifying the V and J alleles and the complementary
Frontiers in Immunology 03103
determining region 3 (CDR3) sequence, we found 86,005 unique

TCRs among our samples.

Chao index was calculated to measure repertoire richness,

understood as the number of different clonotypes in a sample.

Blood repertoires showed a significantly higher richness compared

to solid tissue repertoires (4201 ± 2556 clonotypes in blood, 343 ±

166 in oWAT, 441 ± 181 in sWAT and 296 ± 173 in liver, Wilcoxon

test, p < 0.0001) (Figure 1A). Clonality was calculated to measure

the degree of clonal expansion in a TCR repertoire. We found that

solid tissue samples are significantly more clonal than blood

repertoires (0.11 ± 0.09 in blood, 0.23 ± 0.10 in oWAT, 0.24 ±

0.11 in sWAT and 0.26 ± 0.11 in liver, Wilcoxon test, p < 0.05)

(Figure 1B). No significant differences in richness and clonality were

observed between solid tissues. Additionally, we studied clonality by

assessing the clonal space homeostasis, i.e., the proportion of the

repertoire that is occupied by clonotypes of a given frequency. Four

different groups were established: small (clonotype frequency ≤

0.0001), medium (0.0001-0.001), large (0.001-0.01) and

hyperexpanded (>0.01). Blood repertoires were mainly composed

of medium clones, whereas solid tissues were dominated by

hyperexpanded lymphocytes (Figure 1C). Altogether, these

findings indicate that tissue infiltrating TCR repertoires were less

diverse and more expanded compared to the set of circulating

blood lymphocytes.

Overlap between blood and tissue repertoires was assessed with

the Morisita index, where 0 meant that the samples do not have any

clonotypes in common and 1 meant that all the TCRs occur in the

same proportion in the two repertoires compared. Low overlap with

blood was observed for all the solid tissues since the maximum

overlap value observed was 0.13 in the blood-liver comparison of

patient #1 (Figure 1D). No significant differences were observed
TABLE 1 Clinical baseline characteristics of patients.

Variables
Patient

#1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11

Age (years) 37 36 55 55 53 50 44 65 38 48 55

Female/Male F F M M F M F F M F F

T2D + – – + – + – – – – –

Hypertension + – + – + + – + – – +

BMI (kg/m2) 38.2 39 33.8 50 36.9 40.6 45.5 37.1 48.1 41.8 42.8

Glucose (mg/dL) 151 88 75 98 92 318 116 88 90 105 101

Hb1Ac (%) 5.5. 5 5.7 7 5.4 5.5 5.7 6.2 5.4 5.5 5.5

CRP (mg/L) 18.7 5 9.3 22 11.9 2.7 20.9 5.9 5.3 4.1 16.6

Cholesterol (mg/dL) 128 118 156 125 125 201 131 143 143 188 149

Triglycerides (mg/dL) 175 156 104 105 48 12 202 175 85 264 120

HDL (mg/dL) 39 29 39 41 61 34 27 52 35 34 38

LDL (mg/dL) 54 58 96 63 80 134 64 56 91 101 87

CMV (IgG/IgM) +/- +/- +/- +/- +/- +/- +/- +/- -/- +/- +/-

EBV (IgG/IgM) +/- +/- +/- +/- +/- +/- +/- +/- -/- +/- +/-
fro
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between solid tissues in the degree of overlap with blood repertoires

(Kruskal-Wallis test, p > 0.05). The number of shared clonotypes

between tissues of the same patient is shown in Figure 1E. Again,

little to no overlap is observed among different TCR repertoires

from the same patient, indicating that the subsets of tissue-

infiltrated clonotypes are very distinct and that some of them are

even undetectable in blood.
2.3 Antigen specificity prediction

To predict the antigen specificity of TCR repertoires we

accessed the VDJdb database, which contains curated TCR

sequences with in vitro determined antigen specificity that were

used to annotate our repertoires by sequence similarity clustering.

Of the 86,005 TCRs discovered in our repertoires, only 363

clustered with any CDR3 sequence of VDJdb, leaving 99.58% of

our data unannotated for antigen specificity. This highlights the

need to perform more in vitro antigen specificity assays to enlarge

these databases.

Specificity to 30 epitopes from 19 antigens was found in our

repertoires, both in blood and in solid tissues, including several viral

epitopes from CMV, EBV and Influenza virus A (Figure 2,

Supplementary Dataset 1). It must be noted that 24 of the 30

epitopes are presented by HLA class I and 6 by HLA class II.

Moreover, none of the latter epitopes were present in oWAT. For

each TCR/epitope pair, the VDJdb database provides information

about the HLA allele that was used in the antigen specificity assay.

However, due to the known promiscuity of HLA alleles in antigen

presentation (20, 21), we showed all the antigen specificities
Frontiers in Immunology 04104
discovered, even when the HLA allele reported in the database is

not carried by our patients.

TCRs specific to 8 CMV epitopes were present exclusively in

blood samples, while specificity to 4 epitopes was found both in

blood and WAT in 5 out of 11 patients (45.5%). A*03/IE1KLG was

predicted to be the most widely recognized CMV epitope in our

cohort, with specific TCRs present in oWAT from patient #6 and

sWAT from patients #6, #7, #9 and #10. It should be mentioned that

it is the epitope with the largest number of known TCRs in the

VDJdb database, which may bias the results. A*02/pp65NLV had

cognate TCRs in all the patients but patient #9, which was

consistent with them being the only patient who tested negative

in CMV serology. Specificity against this antigen was predicted in

oWAT from patients #6 (carrier of the HLA-A*02 allele,

Supplementary Table 1), #10 and #11, and sWAT from patients

#7 and #11. TCRs against another epitope from the CMV protein

pp65, B*07/pp65TPR, were found in oWAT from patient #2, which

also carries the HLA-B*07 allele, occupying around 16.8% of the

sequenced repertoire. Specificity to EBV epitopes was found to a

lesser extent in blood and solid tissues. Particularly, TCRs specific to

B*35/BZLF1EPL and A*11/EBNA4AVF epitopes were found in

oWAT and sWAT from patient #6, which showed the broadest

specificity against EBV epitopes of the entire cohort. Epitopes from

Influenza A were predicted to be recognized mostly by TCRs from

circulating T lymphocytes. Only patient #7 showed specificity

against epitopes B*07/NPLPR and DRA*01-DRB1*01/M1SGP in

oWAT and sWAT, respectively. Specificity to self-antigens was

also predicted in our cohort. Especially to A*02/MLANAELA,

derived from the melanoma antigen recognized by T cells 1

(known as MART1 or MLANA) in patients #2 and #6, which
B C

D E

A

FIGURE 1

TCR repertoire diversity measurements. (A) Richness analysis (estimation of the number of different TCRs in a sample). (B) Clonality degree of the
repertoires. (C) Percentage of occupied repertoire space by clones of a given size (i.e., relative frequency in the repertoire): small (≤ 0.0001),
medium (0.0001 – 0.001), large (0.001 – 0.01) and hyperexpanded (HE, > 0.01). Statistical differences among tissues within each group were
assessed with Kruskal-Wallis test. (D) Degree of overlap of the solid tissue repertoires with their respective blood repertoires. (E) Venn diagrams
depicting the number of shared clonotypes among repertoires from the same patient. ns: non-significant, *: p ≤ 0.05, **: p ≤ 0.01, ****: p ≤ 0.0001.
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showed specific TCRs in blood, oWAT, but especially in sWAT,

occupying 21.1% and 10.7% of the sequenced sWAT repertoire,

respectively. Reactive T cells against MLANA appear in some

pathological contexts, such as vitiligo and melanoma (22).

Interestingly, patient #6 has been diagnosed with basal cell

carcinoma afterwards.
2.4 ELISpot assay

One of the most notable results of the in silico antigen-

specificity prediction was the relative abundance of CMV-specific

TCRs in oWAT. To validate this result, we performed a

functionality test with isolated T lymphocytes. ELISpot assays

were carried out on every patient and results are shown in

Figure 3A and Supplementary Figure 1.

The mean number of CMV reactive cells in oWAT was one

order of magnitude more elevated than in peripheral blood

mononuclear cells (PBMCs) (1174.45 ± 207.86 in oWAT versus

255.09 ± 194.37 in PBMCs, p<0.001, Figure 3B). In contrast, sWAT

showed a reduced number of spots (45.36 ± 15.94). We must

remark that the same number of mononuclear cells, either from

blood or adipose tissue, was seeded in each well to perform the
Frontiers in Immunology 05105
ELISpot assay. According to a previous article published by our

group (9), the mononuclear set of stromal vascular fraction (SVF) is

composed of 40-50% of T lymphocytes (in both, oWAT and

sWAT). The mononuclear fraction of total blood is usually

composed of 40-70% of T cells. In case of the study cohort,

according to our cytometric data, these percentages are limited to

45-55% in all types of samples. Another remarkable difference was

in the size of spots, which can be used as a measure of the amount of

interferon-g (IFN-g) that is secreted by cells after TCR stimulation.

In oWAT, a noticeable fraction of cells (around 16%) showed a

high-secretion (spot area >2000µm2) level of IFN-g, while this

fraction is marginal in blood (around 2%) and absent in sWAT.

In addition, as shown in Figure 3C, the first decile of oWAT had

spot sizes significantly larger than sWAT and blood.
2.5 Phenotypic analyses of T cells
by flow cytometry

In order to analyze the phenotype of T lymphocytes in blood,

oWAT and sWAT, two different cytometric panels were used. Panel

1 included markers to identify the naïve phenotype (CCR7

+/CD45RA+) and three memory populations: T central memory
FIGURE 2

Predicted antigen specificity of the 44 TCR repertoires analyzed. Epitopes (y axis) are identified by the HLA allele presenting them, the protein of
origin and their first three amino acids. Each circle represents the specificity of TCRs to each epitope in a given repertoire. Color scale stands for the
number of different clonotypes recognizing that epitope, while size represents the relative frequency of those clonotypes in the repertoire. Blood
samples from each donor are highlighted in light grey and outlined circles indicate that the patient carries the HLA allele presenting the epitope
according to the VDJdb database. B, blood; oW, omental white adipose tissue; sW, subcutaneous white adipose tissue; L, liver tissue.
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(Tcm: CCR7+/CD45RA-), T effector memory (Tem: CCR7-/

CD45RA-) and T effector memory re-expressing CD45RA

(Temra: CCR7-/CD45RA+). Panel 2 included several tissue-

residence markers: CD69, CD49a and CD103.

Supplementary Figure 2A shows the SSC versus FSC plot of

oWAT SVF and the gating strategy to identify CD4+ and CD8+

populations by Panel 2. Noteworthy, blood and tissue samples

displayed different flow cytometry profiles (Supplementary

Figures 2B, C). Such indicated that contamination with peripheral

blood in tissue samples was negligible. One of the main differences

shown by panel 1 was in the naïve population, which was abundant

in blood but marginal in tissue (22.2% blood, 1.9% oWAT, 1.7%

sWAT, p<0.001, Figure 4). Furthermore, the proportion of T cells

positive for tissue-resident markers was different in blood and

WAT, highlighting the fact that almost all T cells in tissue have a

memory phenotype. As expected, CD103 and CD49a were nearly

absent in blood (Supplementary Figures 2C, D, 3) and only a small

fraction of T cells was positive for CD69 (CD4: 2.7%, CD8: 4.4%,

Supplementary Figure 2C). In contrast, most adipose tissue T

lymphocytes were positive for CD69 (CD4-oWAT: 86.8%, CD8-

oWAT: 93.3%, CD4-sWAT: 72.5%, CD8-sWAT: 81.7%,

Supplementary Figure 2C).

There were significantly more CD4+ and CD8+ T lymphocytes

in oWAT than in sWAT (Figure 5A). This agrees with previous

reports showing that FALCs are more abundant in oWAT than in
Frontiers in Immunology 06106
sWAT (14, 15). Moreover, the CD4+:CD8+ ratio differed

significantly between both types of adipose tissue (Figure 5B). In

oWAT CD8+ cells dominated the T cell pool, while in sWAT CD4+

cells did so. Therefore, the increase of CD8+ T cells in oWAT was

the main driving force behind the differences in the number of T

cells between oWAT and sWAT.

In adipose tissue samples, naïve T cells were almost absent,

which agrees with previous reports (23) (Figures 4B, C, E, F). In

both adipose tissues, the most abundant CD4+ subset was Tem,

followed by Tcm and Temra (Figures 4B, C). In the CD8+

subpopulation Tem was the larger subset in both tissues as well,

followed by Temra and Tcm (Figures 4E, F). Furthermore, in blood

samples, there were around 22% of naïve T cells in both CD4+ and

CD8+ subpopulations (Figures 4A, D). It is worth noting that the

number of naïve T cells can vary within individual’s age since their

production by the thymus decreases with senescence (24).

Remarkably, in the CD8+ subpopulation of blood, Temra was the

most abundant subset (Figure 4D) whereas it was almost absent in

the CD4+ subset (Figure 4A). This was consistent with previous

results, which described circulant Temra CD8+ as a major subset

that increases with age (25).

In Trm cells, CD69 is usually co-expressed with CD49a and/or

CD103. The percentage of CD103-positive T cells was minimal in

adipose tissue (Supplementary Figures 2D, 3) whereas CD49a

showed high levels, especially in oWAT (Supplementary
B C

A

FIGURE 3

Cytomegalovirus ELISpot assays measurements. (A) Patient #9, negative for CMV and patient #6, positive for CMV in PBMCs and both tissues (oWAT
and sWAT). (B) Total number of spots for all the different tissues in all CMV-positive patients. (C) First decile of the biggest spots for all the different
tissues in all CMV-positive patients. *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001.
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FIGURE 4

Differences between the number of naïve and memory T cells in CD4+ and CD8+ independently. (A) CD4+ subsets (T central memory, T effector
memory, T effector memory re-expressing CD45RA) in blood. (B) CD4+ subsets in oWAT. (C) CD4+ subsets in subcutaneous sWAT. (D) CD8+
subsets in blood. (E) CD8+ subsets in oWAT. (F) CD8+ subsets in sWAT. *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001.
BA

FIGURE 5

Differences in CD4+ and CD8+ T cells in adipose tissue. (A) Total number of CD4+ and CD8+ T lymphocytes per gram of oWAT and sWAT. (B) Ratio
CD4:CD8 in omental and subcutaneous adipose tissue. **: p ≤ 0.01, ***: p ≤ 0.001.
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Figure 2C). From CD69 and CD49a expression patterns, we extract

two conclusions. Firstly, virtually all CD49a-positive T cells co-

expressed CD69. Secondly, the double positive population (CD69

+/CD49a+) was the most abundant in oWAT (particularly in the

CD8+ subpopulation) (Figures 6A, C) while there was not a

predominant population in sWAT (Figures 6B, D).
3 Discussion

3.1 Differences in human and mice
adipose tissue

A growing body of evidence supports the immunological

function of WAT (8). Nevertheless, most of the data are derived

from murine models and they significantly differ from humans in

their anatomy and physiopathology of adipose tissue (26). Humans

have two main visceral fat depots in the intraperitoneal cavity

(omental and mesenteric). Conversely, mice have a mesenteric and

a well-developed gonadal depot but lack the omental depot, only

visible in obese animals (27). The principal fat depots with the

ability of expansion are subcutaneous and certain visceral depots.

Concerning visceral expansion, rodents expand their gonadal depot,

whereas humans mainly expand the omental fat depots, and both

tissues differ notably. While murine gonadal fat drains to the

systemic circulation, human omental adipose tissue drains to the

portal circulation. Moreover, the presence of immune cells and

FALCs is higher in human oWAT (14). This strategic location gives

oWAT the opportunity of filtering a more diverse antigen

repertoire. In both species an excessive expansion of

intraperitoneal fat depots is associated with obesity-related

pathologies (28). On the other hand, mesenteric depots have been

much less studied, unlike omental and gonadal depots, due to the

small quantity of this tissue in mice and the difficulty of taking

biopsies in humans.

Our work is pioneering in studying the immunological

component of oWAT in humans. Nevertheless, our data must

be interpreted in the context of morbid obesity, where the

excessive expansion of body fat depots changes the composition
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and phenotype of adipose tissue leukocytes. Obesity increases the

infiltration of neutrophils and reduces the number of resident

mast cells (9, 10). Furthermore, obesity induces a pro-

inflammatory phenotypic switching in macrophages and

disrupts the function of mast cells (11, 29). This state of low-

level chronic inflammation, together with other factors (such as

adipocyte hypertrophy, fibrosis, or tissue hypoxia) impairs the

normal function of adipose tissue, promoting obesity-

associated pathologies.
3.2 TCR-antigen prediction

Due to the low accuracy of current TCR antigen specificity

prediction algorithms (30), the best TCR annotation strategy is

cross-referencing with a database such as VDJdb. At the time of

analysis, VDJdb listed 34685 TCR-antigen-HLA trios, which

allowed us to annotate only 0.42% of our TCRs. The main

limitation of these databases is that they contain antigen-

specificity information for a negligible fraction of the possible

TCRs that can be generated by the somatic recombination

proce s s . Fur the rmore , v i ra l an t i gens are cur ren t l y

overrepresented, which leaves many non-viral epitopes without

experimentally validated cognate TCR (30).

Although we have performed high-resolution HLA genotyping

of our cohort, we did not set HLA matching as a strict filter to rule

out antigen specificity annotations. The genetics of HLA is an

intricate system (20, 21): hyper-polymorphic, multigenic and

codominant. Moreover, it has been shown a proinflammatory

environment may change the collection of peptides presented by

HLA class I and II molecules (31, 32). Furthermore, the interaction

between TCR and the antigen-HLA complex shows a wide

spectrum of engagement, from high-affinity and high-specific

interactions to low-affinity and promiscuous interactions.

Despite all the aforementioned limitations, our in silico antigen

specificity analysis predicted the presence of CMV-specific T

lymphocytes infiltrating adipose tissue and this was successfully

validated in subsequent functional assays. This analysis would

greatly benefit from future updates of VDJdb, providing a more
B C DA

FIGURE 6

Differences between CD69 and CD49a profile for CD4+ and CD8+ in oWAT and sWAT. (A) CD4+ subsets in oWAT. (B) CD4+ subsets in sWAT. (C)
CD8+ subsets in oWAT. (D) CD8+ subsets in sWAT. *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001.
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comprehensive TCR annotation to decipher the full landscape of

antigen specificity of adipose tissue-infiltrating T lymphocytes.
3.3 Reactivity against CMV antigens by
ELIspot assay

The ELIspot assay reveals certain particularities in oWAT,

concerning the composition of the T cells reservoir. Firstly, the

number of spots was significantly more elevated in oWAT than in

blood and sWAT, showing a clear enrichment in CMV-reactive T

cells. One previous study performed in human samples found

relevant frequencies of T cells against CMV-antigens in blood,

bone marrow, and lymphoid nodes but negligible in intestinal

mucosa (19). Nevertheless, this study did not analyze adipose

tissue samples. Secondly, although we lack specific experiments to

confirm that T cells reacting in the ELISpot assay are Trm-like,

there is a significant observation to consider. More than 95% of

oWAT T cells show characteristics of memory T cells by flow

cytometry. Additionally, there is negligible contamination with

peripheral blood in tissues, so very few naïve T cells appear in

tissue. Thirdly, the spot size was significantly larger in oWAT,

which can be conditioned by cell phenotype and/or the TCR

binding affinity.

In our cohort, some patients showed discrepancies between the

antigen-specificity prediction and the ELISpot assays. Bioinformatics

analyses predicted the presence of CMV-specific TCRs in blood but

not inWAT (considering a 0.0001 frequency threshold). However, all

of them were positive in the ELISpot assay in both blood and WAT.

There could be several reasons (methodological and biological) for

this discrepancy. On the one hand, we could have lost some TCR

clonotypes due to sampling bias and/or quality controls and filters of

subsequent data processing. On the other hand, the clonotype

composition significantly differs between blood and oWAT. This

phenomenon, together with the fact that most of VDJdb database

annotations come from experiments with PBMCs, may cause the loss

of relevant information.
3.4 Characteristics of T resident memory
cells in adipose tissue

In a previous article, we reported that significant weight loss in

subjects with morbid obesity did not alter either the proportion of

adipose tissue T lymphocytes (into the ensemble of non-adipose

cells) or the CD4+:CD8+ ratio (9). We do not have any data about

the status of the adipose-tissue Trm reservoir in human lean

subjects. Nevertheless, it is reasonable to think that the visceral fat

depots of lean individuals act as a relevant reservoir of T cell

memory as well. Further studies are needed to elucidate how obesity

impacts the normal function of the adipose-tissue Trm reservoir.

Additionally, Trm population may affect the development of

obesity-related pathologies. In this way, a study in a murine

model suggested that the infection of mCMV in its acute phase

might impair the glucose metabolism (4). Moreover, other relevant
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issues remain unsolved, such as the immunological differences

between human intraperitoneal fat depots (especially, omental

and mesenteric depots), or their relationship with mucosa-

associated immunity. What is established, and important to

highlight, about the intraperitoneal fat depots examined in this

study is that oWAT contains a higher abundance of FALCs and

immune cells in comparison with sWAT.

One remarkable finding is the elevated proportion of CD8+

T cells in oWAT. The relative abundance of CD4+ and CD8+

T lymphocytes is controlled by different factors and is biologically

relevant. The thymus produces more CD4+ than CD8+ lymphocytes

(33) but the ratio between CD4+ and CD8+ T lymphocytes greatly

varies between peripheral tissues (34). In general, CD4+ dominate

the T cell pool in almost the entire body except in the intestine,

where CD4+ and CD8+ T lymphocytes are in similar amounts (34).

Nevertheless, both subpopulations expand with important

differences under immunological stimulation (like a viral

infection). In the case of CD4+ T cells, expansion is coupled with

IFN-g-mediated apoptosis. Thus, the number of CD4+ T cells does

not significantly change after the stimulation. Oppositely, CD8+

T cells do not have an apoptosis mechanism coupled with

expansion. Therefore, CD8+ T cells significantly increase after

stimulation (35). When the immunological stimulation is low, the

expansion of CD8+ T cells is mainly driven by the TCR recognition

of the cognate epitope in an HLA class I molecule. When the

immunological stimulation is high, CD8+ T cells can proliferate in

a bystander way (TCR independent). This type of activation is

characteristic of Tem and is quite infrequent in other subsets. In

short, the CD8+ domination of the T cell pool in peripheral tissues is

a marker of immunological stimulation.

CD69, a type II C-lectin receptor, is a classical early marker of

lymphocyte activation, and also a marker of tissue retention (36).

CD69 is widely expressed in Trm lymphocytes (37, 38) whereas the

expression in circulant T cells, which is undetectable at steady-state,

may be increased in diverse pathological contexts (36). CD69 is

usually co-expressed in skin and mucosal tissues with other Trm

markers, such as integrins CD49a and CD103. The expression

pattern of Trm markers determines different phenotypes. For

instance, CD49a seems to be essential for long-term persistence of

Trm lymphocytes, in part by generating survival signals through the

interaction with collagen IV (39, 40). Moreover, CD49a expression

is associated with increased T-cells motility (41). Importantly, the

recurrence of viral infections increases the proportion of CD49a+

cells in Trm lymphocytes (42–44). These data are in coherence with

the prominence of the CD49a+ subset in adipose tissue T

lymphocytes, particularly in oWAT CD8+ cells (42). In contrast,

the expression of CD103 is almost absent in adipose tissue. This

marker, which is important for epithelial retention of memory T

cells (38, 45), does not appear relevant in the adipose tissue context.

In our study, the expression pattern of CD69 and CD49a defined

three main populations (CD69+/CD49a+, CD69+/CD49a- and

CD69-/CD49a+) with presumably different roles. These results

open an interesting research field. Future studies should include

new Trm markers and characterize the role of different T cell

populations in adipose tissue depots.
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3.5 Adaptive immune response in the
context of viral infection

The adaptive immune response against pathogens always begins

with a rapid expansion of the clones reactive to pathogen antigens.

Once the infection is controlled, this T cell population is contracted to

avoid the deleterious effects of excessive activation of these cells. At

this point, three different scenarios can occur: 1) if the pathogen is

completely controlled and cleared, a memory population will remain

stable over time to protect against reinfection; 2) if the pathogen is not

completely controlled, it establishes a chronic infection, like HIV or

hepatitis C virus (HCV), where the pathogen antigens are always

present and T cells are continuously challenged. This causes the

accumulation of memory cells over time that become exhausted.

However, this term is being revised lately as phenotypical adaptation

in the context of chronic inflammation by some authors (46); 3) if the

pathogen is controlled (so it is undetectable) but it is not completely

cleared, it establishes a latent infection. These latent pathogens are

dormant during the lysogenic part of their cycle and thus are not

detected by the immune system. However, they can periodically be

activated and enter the lytic part of their cycle to reactivate the

infection (47).

Oppositely to chronic viruses, the presence of antigens from

latent viruses is not constant. Thus, there is no accumulation of

exhausted T cells. However, the persistent reactivation of the

infection triggers the accumulation of CD8+ Tem cells in a

process called memory inflation. Besides, this memory T cell

population behaves differently than normal memory T cell

populations. Under normal conditions, Tem cells have a limited

expansion capacity, and this pool relies on the proliferation and

differentiation of Tcm cells (long-lived classical memory).

Nevertheless, in latent infections Tem cells substantially increase

their proliferation rate and maintain their pool without the support

of Tcm cells (48). Such generates a new long-lived non-classical

memory population in the Tem pool (49). Interestingly, the latent

infection promotes changes not only in the phenotype and

dynamics of the memory T cell population but also in the

TCR repertoire.

Unlike antibodies, TCRs lack a mechanism for affinity

maturation. Therefore, under normal conditions, very few T cells

would be able to bind the HLA-peptide complex with enough

affinity to generate a response and a memory population.

Consequently, few mutations in the virus would be enough to

escape the T cell response. Fortunately, the coreceptor molecules

CD4 and CD8 solve this problem by increasing the stability of the

TCR-peptide-HLA complex by binding conserved regions in the

HLA. Such allows TCRs with moderate affinity to enter the memory

compartment increasing its diversity and preventing immune

escape through antigen mutation (50). This mechanism works

very efficiently when the antigen load is high, like during the

acute phase of the infection: TCRs with high affinity are saturated

and low-affinity TCRs are able to bind the remaining antigens.

However, in the latent phase, the antigen load is small, and the high-

affinity TCRs outcompete the low-affinity TCRs. Therefore, after

several lytic cycles, the response becomes very oligoclonal and

directed to the most immunodominant antigens. For instance, the
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phosphoprotein pp65 and the immediate-early protein 1 (IE1) of

CMV (49). This phenomenon may increase its relevance with age.

This progressively more skewed response allows the reinfection

with a genetically different variant of the latent virus in a process

called superinfection (51). Importantly, this phenomenon has

hampered the efforts to develop a vaccine against CMV or EBV

(52). On top of that, CMV and EBV have a vast arsenal of

immunoevasins to escape the immune response.

In conclusion, our results showed that adipose tissue, mainly

oWAT, hosts a complete immune response against latent CMV

infection, and presumable to other viruses (including EBV and

influenza) or other pathogens. Thus, our study suggests that the

immunological function is more robust in oWAT than sWAT. We

found CMV-reactive T lymphocytes, inflation of the CD8+

populat ion , and the skewed TCR reperto ire against

immunodominant antigens presented by HLA class I alleles. This

strongly suggests that oWAT is a relevant immunological organ for

antiviral responses in humans. Although our study has specifically

examined oWAT and sWAT, other types of adipose tissue (even

beyond the intraperitoneal cavity) may also play a relevant

immunological role.
4 Materials and methods

4.1 Patient cohort

This study includes 11 morbidly obese patients who underwent

laparoscopic bariatric surgery (gastric bypass or gastric sleeve) at

San Cecilio University Hospital (Granada, Spain). The ethics

committee of the hospital (Andalucia’s Biomedical Research

Ethics Committee of Granada) approved the study, and all

participants signed written informed consent. Patients were

excluded from the cohort if they presented any autoimmune

disorder. All biochemical analyses were carried out within 24

hours by routine methods at the Clinical Analysis Laboratory of

San Cecilio University Hospital (Granada, Spain). HLA genotyping,

CMV and EBV serology were carried out at the Clinical Analyses

and Immunology Unit of Virgen de las Nieves University Hospital

(Granada, Spain). HLA genotyping was performed through PCR-

SSO (Specific Sequence Oligonucleotides) with LABType kits from

One Lambda (Los Angeles, CA, USA). PCR-SSO uses probes that

hybridize to the most polymorphic regions of each locus. On the

other hand, CMV and EBV serology were performed through CLIA

(ChemiLuminescent ImmunoAssay), an ultrasensitive ELISA, with

Alinity i CMV IgG and IgM, and EBV VCA IgM and EBNA-1 IgG

kits by Abbott (Chicago, IL, USA). In the case of CMV, no specific

antigen is used, but a total lysate of CMV from AD169 strain.
4.2 Sample processing

Blood samples were collected before surgery and after 10 h

fasting. Liver (around 10 mg) and adipose tissue biopsies (around

3 g) were obtained at the moment of surgery and kept in PBS at 4 °C

until they arrived at the laboratory. oWAT biopsies were obtained
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from the greater omentum close to the stomach. sWAT tissue

biopsies were obtained near the surgical incision.

Liver biopsies were entirely devoted to TCR analysis. Therefore,

liver biopsies were preserved in 500 ml of lysis buffer (Qiagen,

Hilden, Germany) at -20°C until total RNA extraction. Around 300

mg of the biopsies from each adipose tissue were preserved in 500 ml
of lysis buffer (Qiagen) at -20°C for RNA extraction. The rest of

each adipose tissue biopsy (around 2 g) was examined to remove

small lymph nodes and blood vessels that were eventually present in

the tissue. After that, they were digested in 10 ml of RPMI 1640

medium supplemented with 2 mg/ml type I collagenase (Sigma, St

Louis, MO, USA), 1 mg/ml hyaluronidase (Sigma) and 5 mM

CaCl2, for 2h, at 37°C.

The digestion was diluted with PBS and filtered through a 1 mm

sieve. Later, it was centrifuged at 900 x g for 10 minutes and the

pellet was resuspended in PBS, then filtered through a 100 mm filter,

and centrifuged again at 900 x g for 10 minutes. The resulting pellet

contained the SVF, and it was split for flow cytometry and ELISpot.

For flow cytometry, a quarter of the SVF was resuspended in

200ml of antibody staining buffer (PBS, 2% fetal bovine serum,

0.09% albumin, and 0.05% sodium azide) and mixed with an

internal standard (CountBright Absolute Counting Beads). The

internal standard is a suspension of a known number of

autofluorescent beads with wide emission spectra. The internal

control has different size and complexity values from any cell

population, which enables the differentiation between them. For

ELISpot, the rest of the SVF was resuspended in 1 ml of RPMI 1640

medium to isolate the mononuclear fraction from the SVF by

ficoll gradient.

Likewise, PBMCs from 6 ml of blood samples diluted 1:1 with

PBS were also isolated by ficoll gradient. The interphase obtained

was washed with PBS and pellet was later preserved in 500 ml of lysis
buffer at -20°C for RNA extraction.
4.3 RNA extraction and retrotranscription

Total RNA extraction from isolated peripheral blood

lymphocytes and tissues (oWAT, sWAT, and liver) was carried

out using standard silica-membrane columns from RNeasy Mini

Kit by Qiagen. A minimum of 20ng/µl of RNA was retrotranscribed

to cDNA using the iScript™ cDNA Synthesis Kit by BioRad

(Hercules, CA, USA).
4.4 TCRb library preparation and next-
generation sequencing (NGS)

TCRb repertoire sequencing was performed in the Ion S5

platform using Ion-530 chips and its extended modality, which

can obtain reads up to 600pb. The coverage was around 140000

sequences per sample. During the preparation of NGS libraries, one

of the main sources of bias is the ligation reaction, which is usually

employed to join adaptors (53). For that reason, our innovative
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methodology prepared long-read TCRb barcoded libraries without

any ligation step. Moreover, as opposed to most current strategies

based on short reads centered in the CDR3 (sequencing only the V

segment end region), our long-read method covered the entire V

segment. This improved the identification within highly conserved

V families, particularly in V5 and V6 families. Reads also included

D and J segments, a small part of C segment, the CDR-3 loop

(functional part of the hypervariable region) and, CDR-1 and CDR-

2 loops (provided by each V segment).

The methodology for TCRb library preparation is fully detailed

Supplementary Protocol 1. It involved an enrichment multiplex

PCR where all TCRs were amplified simultaneously with a

collection of primers capable of hybridizing with every V

segment. It was followed by the “fishing” of the molecules of

interest by magnetic particles. After that, the sequences of the

adaptors for Ion S5 (A and P1) were added through the extension

on the DNA strands covalently bound to the magnetic particles.

This step was critical since it avoided ligation bias. Lastly, there was

a final PCR to release the DNA from the microparticles and the

purification of its product.
4.5 TCR repertoire analysis

Read length distribution and sequencing quality were assessed

with FastQC and MultiQC (54) software. BAM files were filtered

with SAMtools (55) to select reads between 400-500 nucleotides

long, as it was the expected length range of our TCRb amplification

method. Demultiplexing by sample barcode identification, tetramer

(CGAT) and C primer sequence integrity were ascertained with R

package Biostrings (v2.50.2) (56). Reads that did not meet any of

these criteria were discarded from the analysis. Identification of V

and J gene segments and CDR3 sequence was performed with

RTCR v0.5.1 (57) with default parameters.

Immune repertoire analyses were performed with the

immunarch R package (v0.6.5). A unique clonotype was defined

by its V and J gene segments and its CDR3 amino acid sequence.

Proportional downsampling and bootstrapping with 100 replicates

were performed in the diversity and overlap analyses (except for

Venn diagrams) to account for differences in read counts between

samples. Productive clonality was calculated as the square root of

Simpson’s diversity index of productive clonotypes.
4.6 Antigen specificity prediction

Antigen specificity prediction was performed following the

guidelines by Pogorelyy and Shugay (2019) (58). First, the VDJdb

database (59) was downloaded in June 2021 and all the TCRb CDR3
sequences were clustered with our repertoires with GIANA

(Geometric Isometry-based TCR AligNment Algorithm) (60) in

query mode, considering V gene segment and CDR3 amino acid

sequence. All query TCRs that clustered with a TCR present in the

VDJdb database were annotated with the antigen specificity
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information provided in the database. Only antigens whose cognate

TCRs represented an aggregated frequency in the repertoire higher

than 0.0001 (medium-sized, large-sized and hyperexpanded clones)

were included in the analysis to control for unspecific annotations

lower in frequency that may not reflect a true T-cell response.
4.7 ELISpot assays

ELISpot was performed with ELISpot Path PRO: Human IFN-g
(CMV) (Mabtech, Nacka Strand, Sweden). The CMV peptide

included in the ELISpot assay consists of 42 peptides from CMV

that induces the secretion of IFN-g, from human CD4 and CD8 T

cells. The antigens presented in the pool are pp50, pp65, IE1, IE2

and envelope glycoprotein B. Of the 42 peptides, 28 are HLA-I

restricted (covering HLA-A1, HLA-A2, HLA-A3, HLA-A11, HLA-

A23, HLA-A24, HLA-A26, HLA-A30, HLA-B7, HLA-B8, HLA-

B18, HLA-B27, HLA-B35, HLA-B40/60, HLA-B41, HLA-B44,

HLA-B57/58, HLA-C7) and 14 are HLA-II restricted (covering

HLA-DRB1*01, 03, 04, 05, 07, 08, 11, 15, 20, 24, 53, HLA-DPw2,

HLA-DQB, HLA-DP3*14, 20). Beforehand, we ensured that every

donor in our cohort carry at least one HLA restriction allele, so that

the pool covers all the donors.

The ELISpot plate, precoated with 1-D1Kmonoclonal antibody,

was washed 4 times with sterile PBS and incubated with RPMI +

10% FBS medium for 2 hours. According to the manufacturer’s

instructions, duplicates (when possible) of 250000 cells from the

mononuclear fraction of SVF and PBMCs were seeded in each well.

Cells were resuspended in 100 ml of RPMI + 10% FBS medium with

2mg/ml of CMV peptide pool for human CD4 and CD8 T cells.

Positive control cells were resuspended in media with 1:1000 anti-

CD3. One negative control was also included. Positive and negative

controls were performed only with PBMCs due to a lack of cells in

oWAT and sWAT. Plates were incubated for 16 - 24 hours at 37°C

in a 5% CO2 incubator. After 5 PBS washing steps, 100ml diluted 7-

B6-1-ALP conjugate (1mg/ml) was added per well and incubated for

2 hours at room temperature. After another 5 times of PBS washes,

100ml of filtered BCIP/NBT- plus solution was added per well and

left until spots emerged. To stop the color reaction, plates were

washed with tap water. After letting the plate dry, photographs were

taken with a FujiFilm X-T4 camera and a Canon macro lens of

100 mm. Spots were then counted, and their area was measured

with ImageJ.
4.8 Flow cytometry

The SVF or fresh blood of the 11 donors was labelled with 2 ml

of controls or fluorophore-conjugated antibodies at room

temperature for 20 minutes. Later, cells were fixed, and the

erythrocytes were lysed with 1 ml of BD FACS Lysing Solution

for 30 minutes. After that, samples were centrifuged for 10 minutes

at 3500 x g, and pellets were resuspended in 200 µl of PBS. Then,

samples were stored at 4°C until the next day.
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Flow cytometry was performed using BD FACS ARIA IIIu

equipment, and data were generated with a logarithmic scale

acquisition. The internal standard was used to calculate the

number of cells per mg of tissue. Two panels with different

fluorescent-conjugated antibodies were used. Panel 1: anti-CD3

BB515 (clone HIT3A, BD Biosciences), anti-CD4 APC (clone

RPA-T4, BD Biosciences), anti-CD8 BV711 (clone SK1,

BioLegend), anti-CCR7 PE-Cy7 (clone G043H7, BioLegend) and

anti-CD45RA BV421 (clone HI100, BioLegend). Panel 2: anti-CD3

BV510 (clone OKT3, BioLegend), anti-CD4 FITC (clone RPA-T4,

BD Biosciences), anti-CD8 BV711 (clone SK1, BioLegend), anti-

CD69 PE-Cy7 (clone FN50, BD Biosciences), anti-CD49a APC

(clone TS2/7, BioLegend) and anti-CD103 PE (clone Ber-

ACT8, BioLegend).
4.9 Statistical tests

Unless otherwise specified, all statistical analyses were

performed in R (v3.6.1). The normality of the data was assessed

with the Shapiro-Wilk test and from there it was decided to conduct

non-parametric tests. Kruskal-Wallis test was chosen to compare

groups and post-hoc pairwise comparisons were performed with the

two-sided Wilcoxon test. Graphics on Figures 3–6 were performed

with GraphPad 8 (La Jolla, CA, USA).
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14. Bénézech C, Luu NT, Walker JA, Kruglov AA, Loo Y, Nakamura K, et al.
Inflammation-induced formation of fat-associated lymphoid clusters. Nat Immunol
(2015) 16(8):819–28. doi: 10.1038/ni.3215

15. Moro K, Yamada T, Tanabe M, Takeuchi T, Ikawa T, Kawamoto H, et al. Innate
production of TH2 cytokines by adipose tissue-associated c-Kit+Sca-1+ lymphoid cells.
Nature (2010) 463(7280):540–4. doi: 10.1038/nature08636

16. Meza-Perez S, Randall TD. Immunological functions of the omentum. Trends
Immunol (2017) 38(7):526–36. doi: 10.1016/j.it.2017.03.002

17. Han SJ, Zaretsky AG, Andrade-Oliveira V, Collins N, Dzutsev A, Shaik J, et al.
The white adipose tissue is a reservoir for memory T cells that promotes protective
memory responses to infection. Immunity (2017) 47(6):1154–68. doi: 10.1016/
j.immuni.2017.11.009

18. Damouche A, Lazure T, Avettand-Fènoël V, Huot N, Dejucq-Rainsford N, Satie
AP, et al. Adipose tissue is a neglected viral reservoir and an inflammatory site during
chronic HIV and SIV infection. PLoS Pathogens (2015) 11(9):e1005153. doi: 10.1371/
journal.ppat.1005153

19. Gordon CL, Miron M, Thome JJC, Matsuoka N, Weiner J, Rak MA, et al. Tissue
reservoirs of antiviral T cell immunity in persistent human CMV infection. J Exp Med
(2017) 214(3):651–67. doi: 10.1084/jem.20160758

20. Meyer D C, Aguiar VR, Bitarello BD, C. Brandt DY, Nunes K. A genomic
perspective on HLA evolution. Immunogenetics (2018) 70(1):5–27. doi: 10.1007/
s00251-017-1017-3

21. Rao X, Hoof I, Fontaine Costa AICA, van Baarle D, Keşmir C. HLA class I allele
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Vaccine induced memory
CD8+ T cells efficiently prevent
viral transmission from the
respiratory tract

Jinglin Zhou1, Ida Uddback1, Jacob E. Kohlmeier2,
Jan Pravsgaard Christensen1*† and Allan Randrup Thomsen1*†

1Department of Immunology and Microbiology, University of Copenhagen, Copenhagen, Denmark,
2Department of Microbiology and Immunology, Emory University, Atlanta, GA, United States
Introduction: Mucosal immunization eliciting local T-cell memory has been

suggested for improved protection against respiratory infections caused by viral

variants evading pre-existing antibodies. However, it remains unclear whether T-

cell targeted vaccines suffice for prevention of viral transmission and to which

extent local immunity is important in this context.

Methods: To study the impact of T-cell vaccination on the course of viral

respiratory infection and in particular the capacity to inhibit viral transmission,

we used a mouse model involving natural murine parainfluenza infection with a

luciferase encoding virus and an adenovirus based nucleoprotein

targeting vaccine.

Results and discussion: Prior intranasal immunization inducing strong mucosal

CD8+ T cell immunity provided an almost immediate shut-down of the incipient

infection and completely inhibited contact based viral spreading. If this first line

of defense did not operate, as in parentally immunized mice, recirculating T cells

participated in accelerated viral control that reduced the intensity of inter-

individual transmission. These observations underscore the importance of

pursuing the development of mucosal T-cell inducing vaccines for optimal

protection of the individual and inhibition of inter-individual transmission (herd

immunity), while at the same time explain why induction of a strong systemic T-

cell response may still impact viral transmission.

KEYWORDS

vaccines, resident memory T cells (Trm), virus’, mucosal surface, CD8 T cell,
herd immunity
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Introduction

Being in close and continual contact with the external

environment, the respiratory tract is a major portal of entry for a

variety of pathogens. Respiratory viruses, such as influenza virus,

coronavirus, respiratory syncytial virus (RSV), and parainfluenza

virus (PIV), cause mild upper respiratory infections and cold-like

symptoms but may also cause bronchitis, pneumonia, and even

death, as a result of increased lower respiratory tract involvement.

With limited effective prevention or therapy currently, these

infections are highly contagious to young children, the elderly and

immunocompromised patients, leading to hospitalization and

mortality. SARS-CoV-2, the cause of the COVID-19 pandemic, has

resulted in over 620 million cases and over 6.5 million deaths

worldwide (WHO, 2022). Seasonal influenza epidemics usually

occur during winter and can infect up to 20% of the population,

depending on which viruses are circulating, and they can cause

substantial mortality - up to 650 000 deaths worldwide annually

(WHO). Similarly, RSV circulates seasonally and is being increasingly

recognized with morbidity and mortality among children and the

elderly approaching what is seen with influenza (1). PIV also

commonly infects infants and children, and it is still in the absence

of effective prevention or therapy for human PIVs illness (CDC).

Given the global burden of viral respiratory infections, there is

an urgent need for vaccination to boost protective immune

responses. Most current vaccine strategies focus on the induction

of neutralizing antibodies which primarily target conformational

epitopes on surface proteins and rarely provide substantial cross-

protection against viral escape variants (2, 3). In contrast, T cell

epitopes consist of short linear amino acid sequences (4) which are

widely distributed across proteins, including internal viral

components, e.g. viral nucleoprotein, which are much more

conserved across variants. Therefore invoking T cell immunity

potentially could bring huge advantages to vaccines by offering

broad and durable protection. Several studies have shown that

specific T cell responses inversely correlate with disease risk and

severity (5–10). There are three major subsets of memory T cells as

defined by recent studies, which are termed central memory T cells

(Tcm), effector memory T cells (Tem), and tissue resident memory

T cells (Trm) (11, 12). Trm cells are sessile antigen-primed cells

positioned in various non-lymphoid organs, particularly the barrier

tissues skin and mucosa, but also in certain internal organs like

brain and liver. In the upper and lower respiratory tract, Trm cells

have been shown to play a critical role in the early local defense

against respiratory infections, such as influenza (13, 14), RSV (15–

17), and SARS-CoV-2 (18). The development of a stable population

of respiratory tract Trm generally requires local antigen recognition

(19–21), whereas conventional parenteral immunization do not

suffice to drive substantial local accumulation of these cells.

Induction of protective mucosal immunity is more likely to

reduce transmission, because viral respiratory infections primarily

initiate in the upper respiratory tract, which is also an important

source for production of virus and virus containing droplets and

aerosol particles to subsequently spread to other individuals.

Adenoviral (Ad) vectors have been extensively investigated and

applied for vaccine research (22), and Ad vectors has recently been
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implemented as platforms for real life vaccines against Ebola (23) and

corona viruses (24, 25). These vectors stimulate potent CD8+ T cell

responses toward inserted transgene antigen with persistent expression

leading to long-lasting immunity (21, 26). Using an Ad encoding

influenza virus nucleoprotein, we have previously found that intranasal

(i.n.) vaccination elicits a more prolonged protection than systemic

vaccination through the footpad (s.c.). However, vaccination by the

former route was relatively inefficient in inducing potent systemic T-

cell memory as evident by fewer circulating antigen specific memory T

cells. In contrast, combined vaccination provided very most robust and

durable protection, which highlighted not only the role of resident

memory T cells as a critical first line of defense, but also the important

back-up role for circulating memory T cells that can expand and

migrate to the infected tissue (21, 27).

Despite that a clear association between cell mediated immunity

and host protection against severe disease has been demonstrated

(5–9), the impact of a rapid T-cell response on transmissibility has

only recently been studied, and the potential of using T-cell targeted

vaccination to interrupt virus transmission has not been evaluated

in detail. Since T cells need to detect and eliminate infected cells, a

key question is whether vaccine-induced T-cell immunity may

lower viral loads and infectiousness in immunized hosts fast and

efficiently enough to prevent inter-individual transmission.

Information on this issue is clearly of great significance if the goal

is to elicit herd immunity through T-cell targeted vaccination.

Since human influenza viruses and coronaviruses are poorly

infectious in mice without adaptation, attempts to establish relevant

mouse models for studies of viral transmission have been relatively

unsuccessful (28, 29). Related to human PIV, Sendai virus is a natural

mouse pathogen that readily transmits between co-housed individuals

(30, 31). Furthermore, by using luciferase-expressing challenge virus

(rSeV) and a non-invasive in vivo imaging system (IVIS), we could -

based on earlier observations showing that the intensity of

bioluminescence correlates with the extent of viral infection (31) -

perform a detailed mapping of the kinetics of the virus infection on an

individual basis,. Using this model system we compared the durable

protection afforded by systemic vs systemic plus local immunization

with an Ad vector encoding Sendai virus nucleoprotein. We found that

compared to s.c. vaccination – inducing systemic immunity only -, the

combined local and systemic immunity induced by i.n.+s.c. vaccination

elicited highly effective and immediate T-cell dependent virus control,

which through the release of IFNg could completely prevent virus

transmission and lasted for at least five months. Of substantial interest,

we also found that while parenteral vaccination alone failed to provide

immediate virus control in the respiratory tract, systemic immunity still

significantly reduced onward transmission, albeit not with the same

efficiency as that associated with airway immunization.
Materials and methods

Mice

Female C57BL/6 mice aged 6-8 weeks were purchased from

Taconic Biosciences. Upon arrival, all mice were rested for ≥ 1 week

before use. Interferon-gamma deficient (IFNg -/-), interferon-
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gamma receptor deficient (IFNgR -/-) and perforin deficient

(perforin -/-) mice on the C57BL/6 background were originally

obtained from Jackson Laboratory and bred locally in the animal

facility at the Faculty of Health and Medical Sciences at the

University of Copenhagen. All experiments were conducted in

accordance with national Danish guidelines regarding animal

experiments as approved by the Danish Animal Experiments

Inspectorate, Ministry of Justice (protocol code 2020-15-0201-

00585, start date 20200101). The mice were housed in an

AAALAC accredited facility in accordance with good animal

practice as defined by FELASA.
Vaccination

Mice were first anesthetized with inhaled isoflurane (Baxter

Healthcare Corporation) and immunized intranasally (i.n.) and/or

subcutaneously (s.c.) in the right footpad. A replication-deficient

adenovirus (Ad) type 5 with deleted E1 and a non-functional E3

gene was used at a dose of 2 × 107 plaque-forming units (PFU) in

30 ml of PBS. Ad expressing Sendai virus nucleoprotein (Ad-SenNP)

was administrated i.n.+s.c. or s.c. only. Ad carrying the

nucleoprotein from influenza virus strain A/Puerto Rico/8/1934

(Ad-fluNP) was used as sham control and given i.n. and s.c. These

adeno vectors were produced and stored as described

previously (27).
Virus challenge and transmission

A luciferase-expressing recombinant Sendai virus (rSeV) was

kindly provided by Charlie J. Russell, St. Jude Children’s Research

Hospital (31, 32). For Sendai virus challenge, rSeV was used at a

dose of 1500 PFU in 30 ml PBS and administrated i.n. after

isoflurane anesthesia. For transmission studies, index mice were

i.n. infected with 1500 PFU rSeV and one day later each of these

were transferred to a cage with four naïve mice; mice were co-

housed until the experiment was terminated.
Quantification of Sendai virus

Mice were anesthetized by intraperitoneal (i.p.) injection with

avertin (2,2,2 tribromoethanol in 2-methyl-2-butanol, 250 mg/kg,

Alfa Aesar) and exsanguinated. For nasal flush, a catheter was

gently inserted into the trachea, 0.5 ml 1% BSA in PBS was flushed

from the trachea to the nasopharynx, and the liquid coming out

from the nares was collected. Lungs were homogenized in 1% FBS

in PBS using sterile sand, mortar, and pestle to obtain a 10% weight/

volume suspension. Homogenates were then clarified by

centrifugation at 600 × g, for 15 minutes at 4°C. The nasal flush

and lung sample supernatants were stored at -80°C until use.

Vero cells grown in DMEM 1965 with NaHCO3 supplemented

with 10% FBS, 200 IU/ml Penicillin, 50 mg/ml Streptomycin, 2 mM
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L-glutamine, 1% Sodium Pyruvate at 37°C, 5% CO2 were used for

Sendai plaque assay. 1 × 105 cells were seeded in 24-well plates and

the following day, cells were washed with PBS and then incubated

with 200 ml of tenfold diluted virus samples in serum free media

with 5 units/ml TPCK Trypsin (Sigma-Aldrich) for 1 hour at 37 °C

and 5% CO2. Virus samples were then gently removed, and an

overlay media prepared with 50% 2 × eagle’s minimal essential

medium (MEM) with NaHCO3, 0.2% BSA, 200 IU/ml Penicillin,

50 mg/ml Streptomycin, 2 mM L-glutamine, 1% Sodium Pyruvate,

50% methylcellulose (1.8% 400cp), 5 units/ml TPCK Trypsin was

added to the cells. After incubation for 4 days at 37 °C, 5% CO2,

overlay was removed and cells were fixed with 4% formaldehyde in

PBS for 15 minutes, washed with PBS, and stained with 0.1% crystal

violet (Sigma-Aldrich) in PBS for 15 minutes at room temperature.

PFU/ml nasal flush and PFU/g lung tissue were calculated

accordingly:

dilution factor� average number of plaque=well� 5 = PFU=ml

dilution factor � average number of plaque=well� 50 = PFU=g
In vivo imaging system

The rSeV infection of challenged or co-housed mice was

quantified by bioluminescence measurement. Every 24 hours mice

were injected i.p. with 3 mg luciferin substrate (PerkinElmer) in

PBS. After 15 minutes, mice were anesthetized using inhaled

isoflurane through a 5-port manifold, placed in supine positions,

scanned for bioluminescence by the IVIS CCD camera (Caliper

LifeSciences) using auto-exposure and a 23 cm imaging field of view

(FOV). Images were analyzed with Living Image 4.3.1 software

(PerkinElmer). To quantify bioluminescence, square regions of

interest (ROI) were defined manually including the upper and

lower respiratory tract (nasopharynx, trachea and lungs) of each

animal, quantified and expressed as “Avg Radiance” - numbers of

photons emitted per unit time from a defined area (photons per

second per square centimeter per steradian, p/s/cm²/sr).

Bioluminescence curves were graphed over time, and the area

under the curve (AUC) was calculated using GraphPad Prism

with one as the baseline.
T cell effector functions depletion
and blockade

For local CD8 T cells depletion, mice were treated with

monoclonal a-CD8a antibody (clone YTS 169.4, BioXcell) 1 day

before challenge using 5 mg i.n. For systemic CD8 T cell depletion,

mice were treated 1 day before challenge with 200 mg i.p., followed
by 100 mg i.p. on day 1 and day 4 post challenge. Fingolimod

(FTY720, Sigma-Aldrich) was dissolved to 2.5 mg/L in drinking

water and given from day 3 prior to challenge, this strategy has

previously been found to prevent CD8+ T cell recirculation (33).
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Single cell preparation and flow cytometry

To isolate tissue-positioned lymphocytes, mice were

intravenously injected with 1.5 mg PE-CF594-conjugated a-CD3e
(clone 145-2C11) fluorophore-conjugated antibody in 200 ml PBS in
the tail vein. Five minutes later, mice were anesthetized using

avertin and exsanguated. For bronchoalveolar lavage (BAL)

sampling, the trachea was exposed and a small incision was made

for inserting a catheter. The lungs were flushed 5 times with 1 ml

cold Hanks BSS medium, and the lavage fluid was collected. For

single cell preparation of mediastinal lymph node (MLN) and

spleen, these organs were aseptically removed, mechanically

dissociated and mashed through a 70 μm nylon cell-strainer (BD

falcon). Lungs were harvested and digested with 5 g/L Collagenase

D (Roche) and 2 × 106 units/L DNAse (Sigma) for 30 minutes, 37°

C, and lymphocytes were enriched by 40%/80% Percoll gradient

centrifugation. Cell counts were done by an automated cell counter

Countess (Invitrogen).

Cells were stained with NP324-332/Kb (FAPGNYPAL) tetramers

conjugated to allophycocyanin (APC) for 1 hour, dark at room

temperature. Subsequently cells were washed twice with PBS and

stained with ZombieNIR (Biolegend) and fluorochrome conjugated

antibodies: BV785 conjugated a-CD8a (clone 53-6.7), FITC

conjugated a-CD44 (clone IM7), PE conjugated a-CD69 (clone

H1.2F3), and BV605 conjugated a-CD103 (clone 2E7) in PBS for

20 minutes, dark on ice. Samples were analyzed by LSRFortessa

analyzer (BD Biosciences) with data analysis conducted using FlowJo

software version 10 (TreeStar); representative plots detailing the

gating strategy are depicted in Supplementary Figure 1. All

antibodies were purchased from Biolegend and tetramers were

kindly provided by Søren Buus of this institute.
Statistical analysis

Statistical analysis was carried out using Excel and GraphPad

Prism. For comparisons of more than two groups, one-way

ANOVA followed by Tukey’s multiple comparisons test, or

Kruskal-Wallis test followed by Dunn’s multiple comparisons test.

Only if groups were found to differ significantly, statistical

comparison between two groups was assessed using the Mann-

Whitney rank sum test (two-tailed). Levels of statistical significance

is represented as: ns (not significant), *(P < 0.05), **(P < 0.01), ***

(P < 0.001), ****(P < 0.0001).
Results

Combined intranasal and systemic
immunization with Ad5 encoding Sendai
nucleoprotein induces long standing
antigen-specific CD8+ T cell memory in
the airways

First, we evaluated the immunogenicity of the chosen vector

system, and how the route of immunization influenced the
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magnitude and localization of the elicited CD8+ T cell response.

To this end, C57BL/6 mice were immunized with an adenovector

vaccine expressing the Sendai virus nucleoprotein (Ad-SenNP)

either in the footpad (s.c.) only or by application of the vaccine

s.c. as well as intranasally. Thirty and 150 days later (d30, d150),

antigen-specific CD8+ T cells was quantified in bronchoalveolar

lavage (BAL), lungs, mediastinal lymph nodes (MLN), and spleens

using flow cytometry. Intravascular staining with flourochrome

labelled anti-CD3 was used to differentiate circulating (anti-CD3+)

and tissue-positioned (anti-CD3-) T cells in the respiratory system.

Antigen-specific memory CD8+ T cells were determined by tetramer

staining of CD8+ T cells targeting a dominant Kb-restricted peptide

epitope of the Sendai nucleoprotein (SenNP), together with T cell

activation marker CD44 (Figure 1A).

Robust numbers of SenNP-specific CD8+ memory T cells

emerged in the spleen following either systemic or combined

routes of Ad-SenNP vaccination (Figure 1B). In addition to a

systemic response, high numbers of these cells were more

efficiently induced in the MLN, BAL, and lungs by combined

(s.c.+i.n.) compared to s.c. vaccination. Notably, these BAL and

lung located antigen specific CD8+ memory T cells co-expressed

CD69 and CD103 to a substantially higher degree in s.c.+i.n.

animals, suggesting tissue resident properties, whereas s.c.

immunization established mainly a systemic pool of memory

CD8+ T cells (Figure 1C). The pronounced SenNP-specific CD8+

memory T cell response was seen locally and systemically at day 30

and lasted for at least 150 days (Figures 1B, C).
Protective capacity of local versus systemic
immunity against viral challenge

To evaluate the protection afforded by having an expanded local

CD8+ T cell population versus systemic immunity only, mice were

immunized with the Ad-SenNP vaccine via s.c.+ i.n. or s.c. To

control for a possible impact of trained immunity, a similar Ad5

vector encoding an unrelated nucleoprotein from influenza virus

was used as a sham vaccine and this was also given s.c.+i.n.; age-

matched unvaccinated mice served as negative controls. Thirty or

150 days after vaccination mice were challenged with 1500 PFU of

rSeV encoding the gene for firefly luciferase and differences in the

dynamics of infection in vaccinated versus control mice as revealed

in the pattern of bioluminescence was followed for 10 days.

Regardless of time after vaccination, mice previously subjected to

combined local and systemic immunization with Ad-SenNP

(s.c.+i.n.) had an absolute advantage in controlling the degree of

viral infection, and this effect was obvious from the very beginning

(Figures 2A, D). There was no detectable replication in the lung, and

very little if any replication in the upper airways (see Figure 2C for

results in mice challenged 150 days after vaccination). In contrast,

systemic immunity (induced by s.c. immunization only) did not play

a significant role in the first 2 days but began to impact viral

replication around day 3 post challenge, and an accelerated decline

in bioluminescence was observed. Lacking specific immunity prior to

challenge, sham vaccinated and unvaccinated controls continued to

support an increasing bioluminescence that peaked at 1.0E6 p/s/cm2/
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sr. This was higher than that following s.c. vaccination, and unlike the

situation in mice with pre-established systemic immunity, the level of

infection remained high for a week (Figures 2A, C, D).

The remarkable protection induced by combined local or systemic

immunization with the Ad-SenNP vaccine had a durability of at least 5

months. However, while there was no significant difference in the

pattern of bioluminescence between 30 and 150 days post vaccination

in any other group, the protection afforded by combined vaccination

seemed to wane slightly over time, resulting in a slightly higher peak

bioluminescence as well as a higher AUC at d150 compared to d30 post
Frontiers in Immunology 05119
vaccination (Figures 2A, B). Nevertheless, very efficient protection was

still observed at this time point.
Role of CD8+ T cells in vaccine induced
protection against viral infection

The protective mechanisms elicited by Ad-SenNP were further

assessed using CD8 depletion with monoclonal antibodies and

Fingolimod (FTY720) treatment. Animals were either combined
B C

A

FIGURE 1

Magnitude and localization of antigen-specific memory CD8+ T cells elicited by Ad5 encoding Sendai nucleoprotein. C57BL/6 mice were
immunized with Ad-SenNP s.c.+i.n. or s.c. Thirty and 150 days later (labeled as d30, d150), mice were given flourochrome labelled anti CD3 i.v. and
spleen, MLN, lungs, and BAL were isolated for tetramer analysis. (A) Representative plots at d150 and (B) absolute numbers of SenNP+CD8+ T cells.
(C) Absolute numbers of SenNP+CD8+ T cells that co-expressed CD69 and CD103. In B and C, each dot represents one animal and bars represent
means with SD, based on groups of 10 animals. Statistical significance was determined using Mann-Whitney test; ns (not significant), **(P < 0.01),
***(P < 0.001), ****(P < 0.0001).
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or s.c. vaccinated, challenged at day 30, and infection induced

bioluminescence was measured as described previously.

The infection in s.c.+ i.n., s.c., and unvaccinated mice repeatedly

showed distinct dynamics and significantly different AUC regarding

bioluminescence, correlating to the level of induced local or

systemic immunity. When CD8+ T cells were depleted, similar

lack of immunity was seen in both groups of vaccinated mice. The

robust protection resulting from added local immunization was

fully abrogated, and the impact of systemic immunity seen from day

3 and onwards was also greatly affected, leading to delayed virus

clearance and markedly higher AUC in depleted mice (Figure 3).

Thus, a central role of CD8+ T cells was evident in both the local

and systemic immunity against rSeV infection.
Frontiers in Immunology 06120
To gauge the relevance of recirculating cells, FTY720 was used

to prevent lymphocyte egress from secondary lymphoid tissues. We

found that FTY720 treatment delayed the protective response in s.c.

vaccinated mice, with slightly higher bioluminescence levels at early

times post infection, which became more pronounced during days

3-6 post challenge, resulting in a higher average AUC than that

observed in s.c. vaccinated mice without treatment. On the other

hand, FTY720 had little, if any effect on virus control and

marginally increased the AUC of bioluminescence in combined

vaccinated mice, consistent with the idea that tissue resident cells

played the major role in these mice and that secondary recruitment

of circulating effector T cells played little if any role in this

case (Figure 4).
B

CA

D

FIGURE 2

Protective capacity of local versus systemic immunity against viral challenge. C57BL/6 mice were immunized with Ad-SenNP s.c.+i.n., Ad-SenNP s.c.,
or Ad-fluNP s.c.+i.n. (sham control), with unvaccinated mice as controls (unvacc). Thirty and 150 days later (d30, d150), all mice were challenged i.n.
with 1500 PFU rSeV expressing luciferase. Each curve represents (A) the average or (D) the individual bioluminescence of 4 mice per group. (B) Bars
represent the mean AUC of bioluminescence with SD error bars and individual data points. Statistical significance was determined using Mann-
Whitney test; ns (not significant), *(P < 0.05). (C) Representative images of a single mouse from each group at d150 were displayed as radiance on a
colorimetric scale ranging from 1.0E5 (blue) to 2.0E7 (red) photons/s/cm2/steradian.
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CD8+ T cells mediate early resistance
to viral challenge primarily through
release of IFNg

To determine the immunological effector mechanisms of the

immediate protection against reinfection, IFNg -/-, or perforin -/-

mice were included. In this case mice subjected to combined

vaccination were challenged 30 days later, and bioluminescence

was measured for the first 3 days after challenge.
Frontiers in Immunology 07121
Both the lack of IFNg or perforin molecule impacted the early

virus control elicited by combined vaccination, but to a quite

different extent. Thus, the effect of perforin was rather limited,

while the infection in IFNg -/- and CD8+ T-cell depleted mice

continued to develop, indicating substantially reduced immunity

from the combined vaccination in these mice (Figures 5A–C).

Matching results were obtained in IFNgR -/- mice (data not shown).

Interestingly, in a follow-up analysis where we studied

mechanisms of virus control at latter stages (Supplementary
B

CA

FIGURE 3

Role of CD8+ T cells in vaccine induced protection against viral infection. C57BL/6 mice were immunized with Ad-SenNP s.c.+i.n. or s.c. Thirty days
later these mice, together with unvaccinated controls (unvacc) received an i.n. challenge of 1500 PFU rSeV. Part of the vaccinated mice were
subjected to in vivo CD8+ T cell depletion as described in Materials and Methods. Each curve represents (A) the average or (B) the individual
bioluminescence of 4 mice per group. (C) Bars represent the mean AUC of bioluminescence with SD error bars and individual data points. Statistical
significance was determined using Mann-Whitney test; ns (not significant), *(P < 0.05).
B

CA

FIGURE 4

Role of recirculating lymphocytes. C57BL/6 were immunized with Ad-SenNP s.c.+i.n. or s.c. Thirty days later, these mice together with unvaccinated
controls (unvacc), were challenged i.n. with 1500 PFU rSeV. Part of the vaccinated mice were given Fingolimod (FTY720) as described in Materials
and Methods. Each curve represents (A) the average or (B) the individual bioluminescence of 5 mice per group. (C) Bars represent the mean AUC of
bioluminescence with SD error bars and individual data points. Statistical significance was determined using Mann-Whitney test; ns (not significant),
**(P < 0.01).
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Figure 3), we saw that although virus control was markedly delayed

in IFNg -/- mice, virus replication was eventually shut down also in

these mice. In the light of the prolonged impact of CD8 depletion

revealed in Figures 3, 5, this observation points to the relevance of

additional vaccine-induced CD8+ T-cell dependent effector

mechanism in the later phases of infection. Which these are is

not presently clear, at no point did we see a marked impact of

lacking perforin.

To ascertain that the observed reduction in protection did not

reflect differences in the number or localization of primed SenNP-

specific CD8+ T cells in vaccinated gene targeted mice, we

compared the magnitude and distribution of memory CD8+ T

cells in these mice to that in similarly vaccinated wild type mice.

Importantly, similar numbers of SenNP-specific CD8+ memory T

cells were recovered from the circulation and local tissues of all

types of vaccinated mice, indicating that the observed reduction in

protection directly reflected reduced effector capacity of primed

CD8+ T cells in the gene targeted mice (Figures 5D, E).
Transmission capacity and local viral titers
are differentially impacted by local and
systemic immunity

Since prior vaccination clearly reduced viral replication

following challenge, the next step was to assess whether the

subsequent transmission was impacted by local and systemic

immunity. Therefore, co-housing experiments were set up, with
Frontiers in Immunology 08122
the four groups of differentially treated mice (referred to as index

mice): vaccinated with Ad-SenNP s.c.+i.n. or s.c. only, Ad-fluNP

s.c.+i.n (sham control), and unvaccinated. Each of the index mice

were infected with rSeV 30 or 150 days after vaccination, and 1 day

later co-housed with 4 unvaccinated naïve mice, referred to as

contact mice (Figure 6A). The viral spreading, which was

manifested by transmission to the contact mice, was followed by

bioluminescence measurements for 10 days post contact.

No bioluminescence was detected in the contact mice co-

housed with s.c.+i.n vaccinated index mouse, neither early nor

late after vaccination. Evidence of limited early transmission was

observed in cages with s.c. vaccinated index mice, particularly when

challenged 150 days after vaccination. In this case detectable

bioluminescence in contact mice tended to decline by day 3-4

and mostly became absent thereafter, while full blown infection was

noted only in a few of the contact mice. This pattern is indicative of

transmission, but at low-level intensity. Following co-housing with

challenged sham vaccinated and unvaccinated index mice, early

transmission was noted in the majority of cases, and in a high

proportion of these mice evidence of prolonged infection was

observed. The sham and unvaccinated index mice transmitted the

virus to a similar extent, while the AUCs of bioluminescence in the

contact mice co-housed with s.c.+i.n. and s.c. index mice was

significantly decreased. All index mice seemed to retain a similar

transmission capacity at days 30 and 150 post vaccination, based on

infection of contact mice (Figures 6B, C).

Considering that it was a great surprise that prior local

immunization with a CD8+ T cell targeting vaccine caused
B

C D

E

A

FIGURE 5

CD8+ T cells and effector molecules mediate resistance to viral challenge. C57BL/6 wild type, IFNg -/-, and perforin (pfp) -/- mice were immunized
with Ad-SenNP s.c.+i.n. Thirty days later these mice, together with unvaccinated controls (unvacc, the same as in Figure 4)), were i.n. challenge with
1500 PFU rSeV. A group of vaccinated (s.c.+i.n.) C57BL/6 mice depleted of CD8+ T cells as previously described were included for comparison. Each
curve represents (A) the average or (B) the individual bioluminescence of 5 mice per group. (C) Bars represent the mean AUC of bioluminescence
with SD error bars and individual data points. Statistical significance was determined using Mann-Whitney test; ns (not significant), **(P < 0.01).
C57BL/6 wild type, IFNg -/-, pfp -/- mice were immunized s.c.+i.n. and thirty days later, spleen, MLN, lungs, and BAL were isolated for tetramer
analysis of (D) absolute number of SenNP+CD8+ T cells and (E) absolute numbers of SenNP+CD8+ T cells in the airways that co-expressed CD69
and CD103. Each dot represents one animal and bars represent means with SD, based on a group of 4-14 animals. Statistical significance was
determined using Mann-Whitney test, and no significant difference was observed in (D, E).
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almost sterile immunity – for a comparison with the natural

immunity following Sendai infection inducing both humoral and

cell mediated immunity, see Supplementary Figure 2 - and zero

transmission, we wanted to validate our methodology and directly

measure the local viral replication. In naïve mice lacking pre-

existing immunity, both bioluminescence and viral titers peaked 3

days after infection. By day 7, the nasal flush samples contained

much less virus. The bioluminescence signal was also substantially

reduced at this time-point, albeit not to quite the same degree,

probably reflecting that luciferase was eliminated more slowly than

the viral infection per se. Viral titers in the lungs were mostly below

the level of detectability (Figure 7A). Following this validation of

our experimental approach, mice were vaccinated either s.c. +i.n. or

s.c. For control, other groups of mice were subjected to combined

vaccination with an irrelevant vaccine or left untreated. Thirty days

later all mice were challenged i.n., and viral titers in nasal flush was

determined on day 3 post challenge. Similar to what had been

observed previously, combined vaccination was able to significantly

restrain viral replication, as both bioluminescence and viral titers

were greatly reduced, and in fact, in three out of five mice we could

not detect infectious virus in the nasal flush. The s.c. vaccinated

mice showed comparable bioluminescence but slightly lower viral

titers, compared to the unvaccinated controls. And the sham and

unvaccinated mice did not significantly differ from each other in

terms of neither bioluminescence nor viral titers (Figure 7B).
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Role of CD8+ T cells in the immunological
control of inter-individual
virus transmission

Finally, to investigate the role of CD8+ T cells in controlling

virus transmission after vaccination, mice immunized with Ad-

SenNP s.c.+i.n. or s.c. as well as unvaccinated controls were used as

index mice in co-housing experiments. Thirty days post

vaccination, part of the vaccinated mice were depleted of their

CD8+ T cells and all the mice were challenged i.n. and co-housed

with naïve animals as described previously (Figure 8A).

Again the transmission capacity of s.c.+i.n., s.c., and

unvaccinated index mice were significantly different from one

another, correlating with the route of immunization. Compared

to the absence of detectable transmission from combined vaccinated

mice with an intact CD8 population, clear transmission from such

immunized mice occurred following CD8+ T cell depletion.

Already in the early phase - day 1-2 of cohousing - the lack of

control of transmission by resident CD8+ T cells was noteworthy,

with elevated bioluminescence in contact mice co-housed with

s.c.+i.n. (CD8 depleted) index mice. Again, s.c. vaccinated mice

transmitted more than matched s.c.+i.n. index mice. Co-housing

with s.c. immunized index mice depleted of CD8+ T cells lead to a

further increase in the bioluminescence, distinguishing these

contact mice from those co-housed with s.c. immunized index
B

CA

FIGURE 6

Transmission capacity is impacted by local and systemic immunity. (A) C57BL/6 mice immunized with Ad-SenNP s.c.+i.n., Ad-SenNP s.c., or Ad-
fluNP s.c.+i.n. (sham control), and unvaccinated controls were used as index mice. Thirty and 150 days later (d30, d150), each of these animals was
challenged i.n. with 1500 PFU rSeV and one day later co-housed with four naïve mice. (B) Curves represent bioluminescence of 8 contact mice per
group. (C) Bars represent the mean AUC of bioluminescence with SD error bars and individual data points. Statistical significance was determined
using Mann-Whitney test; ns (not significant), *(P < 0.05), **(P < 0.01), ***(P < 0.001).
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mice without depletion as early as day 3 post contact. Moreover,

when we looked at the bioluminescence in contact mice at a later

stage during day 5-10 post co-housing, we observed evidence of

more frequent, prior substantial viral transmission as well as a

higher AUC of bioluminescence in the mice co-housed with s.c.

(CD8+ T-cell depleted) mice (Figures 8B, C).
Discussion

The current SARS-CoV-2 pandemic has highlighted some key

unknowns regarding vaccine induced prevention of respiratory

tract infections. One relevant question is, how efficiently does

parenteral immunization, eliciting a potent systemic T-cell

response, impact the capacity of the immunized host to transmit

the infection? Or to phrase it differently, can we rely on systemic

vaccination at all for induction of herd immunity? Results from

animal studies have clearly emphasized the importance of local

immunization in order to obtain optimal immune mediated

protection in the airways, whereas systemic immunity fails to

provide a similar first line of defense (13, 27). When the new

corona vaccines were introduced, authorities recommended

vaccination arguing that you should get vaccinated not only for

your own sake, but also to protect risk groups such as the elderly.

This communication strategy implied a significant effect on viral

transmission in addition to protection of the individual by systemic

vaccinations. While epidemiological studies suggest that this may

have been partly true with the earliest SARS-CoV-2 variants of
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relatively low infectiousness, this view point is more difficult to

uphold with circulation of highly infectious variants of the omicron

lineage (34–37). Given that T cells primarily target internal

proteins, which are not subject to ongoing selection by

neutralizing antibodies, it would be logical to target e.g. viral

nucleoprotein in a new generation of more robust vaccines with

increased breadth of antiviral protection against antibody selected

escape variants. However, introducing such vaccines requires prior

knowledge about the efficiency of the elicited T cell responses not

only in protecting the vaccinated individual, but similar to

preformed antibodies also to significantly reduce inter-individual

transmission. This perhaps represent the most important

uncertainty as T cells unlike antibodies are only effective once an

infection is already established.

To address these issues, we chose to use murine infection with

Sendai virus as our model system. Unlike SARS-CoV-2 and

influenza, this is a natural mouse pathogen that easily transmits

in mouse colonies. By comparing systemic immunization with

combined local and systemic immunization, we could confirm

that local immunization in the airways very significantly

improved the capacity to resist subsequent challenge with live

virus. Our vaccine expressed only the NP gene from the Sendai

challenge virus, and thus the response was strongly biased

towards a T-cell response (38, 39), as confirmed by the observed

impact of CD8 depletion. Quite surprisingly and somewhat

counterintuitively, we could conclude that CD8+ T-cell immunity

under the right conditions could provide nearly sterile immunity.

Obviously, incipient infection must take place in the vaccinated
B

A

FIGURE 7

Correlation between bioluminescence and organ virus titers. (A) C57BL/6 mice were infected i.n. with 1500 PFU rSeV, and on days 1, 3, 7, 9 post
challenge measured for bioluminescence and viral titers in nasal flush and lungs. (B) C57BL/6 mice were immunized with Ad-SenNP s.c.+i.n., Ad-
SenNP s.c., or Ad-fluNP s.c.+i.n. (sham control). Thirty days later these mice and unvaccinated controls were infected i.n. with 1500 PFU rSeV, on
day 3 post challenge measured for bioluminescence and viral titers in nasal flush. Each dot represents one animal and lines represent group
medians, with 4 or 5 mice per group. The dotted line indicates the mean bioluminescence measured on 2 animals for several days without rSeV
infection, or the detection limit of viral titers. Statistical significance was determined using Mann-Whitney test; ns (not significant), **(P < 0.01).
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mice, but it borders on the level of detection, and most importantly,

no inter-individual transmission is seen from mice with local

immunization. Our results also support the importance of local

residency as a critical first line of protection, since blocking of T cell

circulation using FTY720 does not reduce early protection. The

speed and efficiency with which local T cells appear to shut-down

the incipient infection even in mice challenged with a relatively high

dose, point to a primary role of an antiviral activity based on a

diffusible factor. Consistent with this assumption, analysis of

relevant gene knock-out mice demonstrates that the early virus

control relies heavily on the production of IFNg, while the

importance of perforin, requiring a one-on-one interaction with

each infected cell, is very limited at this early stage. Regarding the

interpretation of these findings, it should be emphasized that the

initial course of infection was identical in unvaccinated knock-out

and wild type mice (Supplementary Figure 3). Moreover, analysis of

the number and distribution of NP-specific CD8+ T cells in the

vaccinated knock-out mice revealed no differences in immune cell

numbers or recruitment to the airways compared to wild type mice

prior to challenge. Thus it is most likely the impairment of the

targeted effector function that explains the differences in the

observed early virus control. Notably, for the s.c. immunized mice

treatment with FTY720 tended to delay virus clearance, suggesting

that recruitment of circulating cells play a role, in case the first line

of virus control is insufficient. This is in complete accordance with

the model for the secondary anti-flu response previously proposed

by D. Woodland et al (40).

Regarding the capacity of CD8+ T cells to inhibit viral

transmission, we made two important observations. While the

importance of local immunization for optimal T-cell mediated

control of a viral challenge in itself is unsurprising, the magnitude

of the impact resulting from local priming is remarkable: viral
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replication was hardly detectable. Thus, our results highlight the

potential of a strong forward CD8+ T-cell defense to control early

viral replication to a degree which almost matches that of

preexisting antibodies. Under these conditions it is hardly

surprising that subsequent viral transmission is prevented. Thus,

co-housing of naïve contact mice with challenged index mice

previously subjected to mucosal immunization revealed no

detectable infection of the former. However, even in the case of

mice vaccinated only s.c., and with no reduction of early viral

replication following viral challenge, we still found substantially

reduced transmission. Thus, for most of naïve cage mates co-

housed with s.c. vaccinated, virus challenged index mice, we saw

evidence of limited viral take and only a few developed a full-blown

infection. This is unlike the situation in cage mates of virus-

challenged sham or unvaccinated index mice. This difference in

transmission capacity suggests that the amount of infectious virus

released from the challenged parenterally immunized index mice is

substantially reduced, despite an almost unimpaired viral

replication in the respiratory tract during the first few days of

infection. We find this observation to be important as it could

suggest that it is perhaps not so much the peak viral load as the

longevity of productive infection or a combination of both, which

matters most for viral transmission. In this context it should be

noted that mice immunized only parentally, still have a distinct

population of memory T-cells present in their lungs, which could

modify the course of infection. If our findings can be generalized,

this holds clear implications for how we should look upon the

potential of Covid-19 vaccines to induce effective herd immunity.

Evaluation of viral loads in vaccinated human patients with SARS-

CoV-2 break-through infections have revealed a pattern strikingly

similar to that in parentally immunized mice, with evidence

pointing to almost full-blown viral replication in the first few
B

CA

FIGURE 8

Role of CD8+ T cells in preventing virus transmission. (A) C57BL/6 mice were immunized with Ad-SenNP s.c.+i.n. or s.c. Thirty days later, each of
these and unvaccinated index mice were infected i.n. with 1500 PFU rSeV and one day later co-housed with four naïve animals. Part of the
vaccinated index animals were depleted of CD8+T cells as previously described. (B) Curves represent bioluminescence of 16 contact mice per
group. (C) Bars represent the mean AUC of bioluminescence with SD error bars and individual data points. Statistical significance was determined
using Mann-Whitney test; ns (not significant), **(P < 0.01), ***(P < 0.001), ****(P < 0.0001).
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days of infection followed by an accelerated clearance over the next

days (41). If therefore, our findings can be directly translated to

respiratory tract infections in humans, there is still reason to assume

that strong systemic immunity may reduce transmission of viral

respiratory tract infections to some degree, although there is clearly

a substantial advantage to be gained, if local immunization could be

implemented for the next generation of Covid-19 vaccines.

In conclusion, our results have revealed an almost immediate

and highly efficient capacity of local antiviral T cells to abort viral

infection of the respiratory tract. This supports the feasibility of

using T-cell targeted vaccines not only to efficiently control severe

viral infection of the respiratory tract, but also as a means to prevent

transmission/induce herd immunity. However, for this defense to

be most efficient, local immunization leading to elicitation of airway

Trm cells is important. Thus our findings emphasizes the need for

mucosal vaccines. Nevertheless, even in the absence of local

immunization, strong systemic T cell immunity may suffice to

accelerate virus clearance and cause some reduction in inter-

individual transmission.
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to IU from the Lundbeck Foundation.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

The author(s) declared that they were an editorial board

member of Frontiers, at the time of submission. This had no

impact on the peer review process and the final decision.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1322536/

full#supplementary-material

SUPPLEMENTARY FIGURE 1

Gating strategy. Lymphocytes were first gated on a forward area and side area

plot. After gating single cells on a forward area and height plot and a side area

and height plot, live cells were identified with ZombieNIR. Intravascular
staining was used to discriminate circulating (i.v. CD3+) and resident (i.v.

CD3-) cells in the lungs, BAL and MLN. SenNP+CD44+CD8+ cells were
defined as antigen-specific (tetramer+) memory T cells and were then gated

into a new plot with CD69 and CD103.

SUPPLEMENTARY FIGURE 2

Ad-SenNP vaccine efficacy compared to natural immunity. C57BL/6 mice
were immunized with Ad-SenNP s.c.+i.n., or rSeV i.n. 30 days ago, together

with unvaccinated controls, followed by 1500 PFU rSeV i.n. challenge. Each
curve represents (A) the average or (B) the individual bioluminescence of 8

mice per group. (C) Bars represent the mean AUC of bioluminescence with
SD error bars and individual data points. Statistical significance was

determined using Mann-Whitney test; ns (not significant), ***(P < 0.001).

SUPPLEMENTARY FIGURE 3

Role of CD8 effector molecules in virus control. C57BL/6 wild type, IFNg -/-,
and perforin (pfp) -/- mice were immunized with Ad-SenNP s.c.+i.n. Thirty

days later these mice, together with unvaccinated (unvacc) C57BL/6 wild
type, IFNg -/-, and pfp -/- mice, were i.n. challenge with 1500 PFU rSeV. Each

curve represents (A) the average or (B) the individual bioluminescence of 4-5

mice per group. (C) Bars represent the mean AUC of bioluminescence with
SD error bars and individual data points. Statistical significance was

determined using Mann-Whitney test; ns (not significant), *(P < 0.05),
**(P < 0.01).
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Location versus ID: what matters
to lung-resident memory T cells?
Bruna Gois Macedo, Mia Y. Masuda
and Henrique Borges da Silva*

Department of Immunology, Mayo Clinic, Scottsdale, AZ, United States
Tissue-resident memory T cells (TRM cells) are vital for the promotion of barrier

immunity. The lung, a tissue constantly exposed to foreign pathogenic or non-

pathogenic antigens, is not devoid of these cells. Lung TRM cells have been

considered major players in either the protection against respiratory viral

infections or the pathogenesis of lung allergies. Establishment of lung TRM cells

rely on intrinsic and extrinsic factors. Among the extrinsic regulators of lung TRM
cells, the magnitude of the impact of factors such as the route of antigen entry or

the antigen natural tropism for the lung is not entirely clear. In this perspective,

we provide a summary of the literature covering this subject and present some

preliminary results on this potential dichotomy between antigen location versus

antigen type. Finally, we propose a hypothesis to synthesize the potential

contributions of these two variables for lung TRM cell development.
KEYWORDS

lung, tissue-resident memory CD8(+) T cells, tissue-resident memory CD4(+) T cells,
T cells, route of immunization, antigen tropism
Introduction

The lung is a respiratory organ specialized in gas exchange: within its alveoli, oxygen is

extracted from the air and exchanged by carbon dioxide. A consequence of this fundamental

role is the constant exposure to airborne antigens, innocuous or pathogenic. Many of these

antigens elicit strong T cell responses, and understanding how those responses form is crucial

to define how these immune responses can either eliminate pathogenic threats or promote

unwanted responses to innocuous agents. CD4+ and CD8+ T cells are primed by antigen-

presenting cells in secondary lymphoid organs, and effector cells migrate towards antigen-rich

sites to perform their function (1, 2). After antigen clearance, a portion of T cells survive long-

term, forming memory populations which are important to mount quick, efficient responses

against secondary antigen exposure (3). Memory T cells can be divided by their migratory

characteristics. Circulating memory T cells (TCIRCM) recirculate between blood, secondary

lymphoid organs, and tissues, without taking up residency; these cells can be further

subdivided into central memory (TCM), effector memory (TEM) and, in the case of CD8+ T

cells, long-lived effector cells (LLEC) (3, 4). In contrast, resident memory T cells (TRM)

establish long-term residency in tissues, mostly barrier tissues (5). The lung is, naturally, one
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of these tissues. Prior evidence strongly suggests that lung TRM cells

are pivotal in promoting local immune responses which can either be

protective against pathogens (6, 7) or deleterious – for example, in

response to allergens (8).

Since their discovery (9, 10), several studies aimed to define how

TRM cells form in the lung, as well as their specific function. From

these studies, a few notions are relatively well-established. First,

both CD4+ and CD8+ T cells can form lung TRM or TRM-like

populations, and this is true in response to infections (11, 12) and to

allergens (8). Second, while CD4+ lung TRM cells are somewhat

stable over time (7, 8), CD8+ lung TRM cells are notoriously short-

lived, with a faster rate of decay if compared to CD8+ TRM cells in

other tissues (13, 14). Finally, both CD8+ and CD4+ T cells form

heterogeneous lung TRM populations, with distinct transcriptional

and functional characteristics (7, 14, 15). There are, however,

several unanswered questions. One of the most important

unsolved puzzles in the biology of lung TRM cells lies on the

nature of the signals that educate T cells to acquire a resident

memory phenotype. While much evidence points out that the

routes of infection (or sensitization) are paramount in defining

the magnitude of the lung TRM response, other works suggest that,

at least partially, the type of antigen can dictate the homeostasis of

lung TRM cells. In this perspective article, we will briefly review

previous research, provide preliminary data, and propose a

hypothesis for this outstanding question.
Where am I from? How the route of
antigen priming can affect lung TRM
cell establishment

TRM cell development occurs through a series of processes where

initial priming, T cell sensing of peripheral tissue-derived signals, and

tissue microenvironmental factors play a role in the acquisition of a

TRM signature (16, 17). Because of their residency establishment inside

the lung parenchyma, lung TRM cells must acquire certain

transcriptional and protein expression characteristics. Among these

characteristics, T cells (a) downregulate molecules associated with

tissue egress (e.g., CCR7, S1PR1 and S1PR5), as well as upregulate

molecules associated with tissue retention (e.g., TGF-bRII, CD69 and/
or CD103) (17–19), and (b) express chemokine receptors such as

CXCR3, which sense CCL9 and/or CCL10 released in the lung

parenchyma during local immune responses (12, 20). The need for

sensing of lung-derived chemokines means that optimal alterations in

the lung microenvironment are paramount for the formation of lung

TRM cells. These changes, such as production of CCL9 or CCL10 or of

IL-33, a danger signal associated with heightened lung inflammation

(21), are associated with local tissue antigen recognition. Indeed, airway

infections or immunizations are very effective in the generation of lung

TRM cells, and persistent antigen in the lungs promote long-term

survival of lung TRM cells (22–26). The notion that lung initial antigen

encounter is necessary for optimal lung-resident T cell responses is

relatively well-established (27). In response to murine influenza, local

antigen encounter is needed for CD8+ TRM cell establishment (28), and

the same is true for TRM cells forming in response to Bacillus Calmette-

Guerin (BCG) vaccination (23, 29).
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Lung mucosal sites are often the first barrier encountered by

pathogens or allergens. These sites are composed of a complex

network of heterogeneous epithelial cells, peripheral nervous cells,

innate and adaptive immune cells, covered by a mucous layer. Each

one of these components can harness the tissue inflammation

following local infections or allergen sensitization. IL-33

production by epithelial cells (21), nervous system regulation of

immune responses (30), and the capture of antigens by local

dendritic cells (31, 32) all play a role in the initiation and

sustenance of lung T cell responses. The lung, due to its

physiological role, must balance the induction of such responses

with maintenance of its function of gas exchange. During viral

infections, for example, the balance between pathogen clearance

and immune modulation is tightly regulated by the epithelial cell-

immune cell axis, and dysregulation of this balance can lead to

severe tissue damage (33). Consequently, the production and release

of effector molecules is likely regulated even within the lung tissue.

Due to the highly controlled immune environment in the lung, the

presence of adjuvants to elucidate immune responses is widely used to

enhance immunogenicity in the lung. Adjuvants (which are common

components of vaccines) can increase the magnitude and durability of

antiviral immunity, impacting the phenotype of recruited innate cells

(34). In response to infections or airway allergen sensitization, natural

adjuvants are pathogen-associated molecular patterns (PAMPs)

present on viruses, bacteria, fungi, protozoans, recognized by pattern

recognition receptors (PRRs) expressed by epithelial and resident

immune cells. The establishment of an appropriate resistant or

tolerant environment, the engagement of distinct PRR combinations,

results in recruitment of immune cell types and cytokines produced

(35). This, associated with a combination of cytokines, chemokines,

and danger signals, offer evidence that the lung microenvironment is

critical to promote lung TRM cell establishment.

Studies on TRM cells have focused on identification of tissue-

derived signals, while understanding how priming of committed

precursors in distinct secondary lymphoid organs has been less

explored (36). Dendritic cells, for instance, are responsible for the

imprinting of specific migratory patterns in the T cells during

activation. DCs in skin-draining lymph nodes induce the

preferential expression of homing molecules for entry into skin,

whereas DCs in mesenteric lymph nodes elicit tropism for the small

intestine (37). This indicates that TRM cell preconditioning in an

organ-dependent way already occurs during homeostasis, whereas

imprinting for tissue-selective homing occurs during T cell priming.

In addition, migratory DCs from different tissues might have

varying capacities for TGF-b activation in draining lymph nodes,

since preconditioning was less pronounced in mediastinal lymph

nodes, even though these tissues had comparable induction of

CD103 in naïve T cells at both sites (38). This adds another layer

on how the route of antigen priming can regulate the quality and/or

magnitude of lung TRM cell establishment.

Other routes of antigen entry, such as intramuscular

immunizations, can also induce lung TRM cells, but the phenotype

of these cells seems to be heterogenic, with lower proportion of cells

located in the lung parenchyma (39). Thus, intramuscular

immunizations have traditionally been considered poor inducers of

mucosal TRM cell responses (40, 41). Intranasal vaccination strategies
frontiersin.org
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can induce strong protection, as evidenced by past studies on RSV,

Mtb and influenza (23, 26, 27, 42–44). However, this route has

potential issues in antigen delivery to dendritic cells in the respiratory

tract, perhaps due to physical barriers such as nasal clearing or mucus

(45–47). A combination of intramuscular (i.e., distal antigen priming)

and intranasal immunization approaches has been suggested as a

candidate to enhance lung TRM cell development in response to

vaccines (41, 48, 49). Another evidence from vaccination also

challenges the notion that lung antigen priming is the sole factor

inducing optimal lung TRM cells: the recent revolution in mRNA

vaccines to combat SARS-CoV-2 (50) and, more recently, influenza

(51). These immunizations, which are intramuscular, lead to robust

lung CD4+ and CD8+ TRM-like cell responses, as studies in mice

suggest (48, 51). Future studies will be necessary to identify how

mRNA vaccines promote lung TRM cells even without intranasal

priming, and whether long-lived lung TRM cells are generated in

humans. It is important to note that, although these studies suggest

that intranasal immunization is not strictly necessary for lung TRM
Frontiers in Immunology 03130
cell responses, intranasal priming is still sufficient to improve lung

TRM cell establishment in these cases (23, 26, 27).
Who am I? How antigen nature and
tropism can influence lung TRM
cell establishment

In contrast with evidence for route of antigen priming, other factors

may also dictate the generation of lung TRM cells, for example antigen

(pathogen) load, pathogen life cycle characteristics, or the strength of

TCR-MHC interaction. In mouse models of viral infection, CD8+ TRM
cells in brain and kidney express higher affinity to MHC class I

tetramers (> 20x) than TCIRCM cells (52). We observed a similar

trend in preliminary experiments comparing influenza-specific lung

TRM cells with TCIRCM cells (Figure 1A), suggesting that a selection of

high-affinity clones may also happen for lung CD8+ TRM cells.
frontiersin.org
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FIGURE 1

Contribution of antigen nature versus route of priming for lung CD8+ TRM cell establishment. (A–D) C57BL/6 mice were infected with influenza, PR8
strain (Flu) or LCMV-Armstrong (LCMV) through the indicated infection routes (intranasal – i.n; intraperitoneal – i.p.). At day 28 post-infection, the
number and phenotype of antigen-specific CD8+ T cells were assessed. (A) Representative histogram (left) and average gMFI values (right) of H-2Db-
NP tetramer staining in NP tetramer+ lung versus spleen CD8+ T cells. (B) Average numbers of antigen-specific lung i.v.- CD8+ T cells (CD44+ H-
2Db-tetramer+). (C) Representative flow cytometry plots showing expression of CD69 and CD103 in antigen-specific lung i.v.- CD8+ T cells.
(D) Average percentages of CD69+CD103+ antigen-specific lung i.v.- CD8+ T cells. Data from two independent experiments, n=4. (A) Unpaired t-
test (B, D) One-way ANOVA with Tukey’s post-test, *p<0.05, **p<0.01, ***p<0.001. ns, not significant.
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A preferential selection of lung TRM cells with high TCR affinity for

antigen could either occur at the effector stage, after T cells migrated

to the lung tissue, or at the priming and activation stage, in

secondary lymphoid organs. Although these two hypothetical

scenarios would suggest a major effect of the route of priming as

a selector of lung TRM cells, different lung viral infections induce

distinct magnitudes of a lung TRM cell response. In mice, while in

response to influenza >50% of lung memory CD8+ T cells express

the TRM markers CD69 and CD103 (14), in response to RSV or

BCG these numbers are much lower (23, 53). These differences may

suggest that distinct antigen types or differences in TCR affinity

regulate the establishment and phenotype of lung TRM cells.

Alternatively, they could also be explained by differences in how

distinct pathogens interact with the lung immune system, for

example differences in induction of cytokine production.

To test the potential contributions of route of priming versus

antigen type, we infected mice with LCMV, Armstrong strain (a

systemic virus with no tropism for the mouse lung) or influenza,

using intraperitoneal versus intranasal infection routes. Intranasal

infection with LCMV or influenza led to significantly increased

numbers of lung parenchymal antigen-specific CD8+ T cell

accumulation (Figure 1B). Per se, these results are indicative of

the importance of airway antigen entry in the formation of lung

TRM cells. However, the magnitude of lung TRM cell accumulation is

higher in response to intranasal influenza if compared to intranasal

LCMV (Figure 1B). A more detailed characterization of these lung
Frontiers in Immunology 04131
TRM cells also show that intranasal influenza is unique in promoting

upregulation of CD69 and CD103, in comparison to intranasal

LCMV (Figures 1C, D). Confirming previous findings (27, 54),

intraperitoneal influenza, despite failing to promote the numerical

accumulation of lung TRM cells (Figure 1B), was sufficient to induce

a consistent upregulation of CD69 and CD103 in a small proportion

of lung TRM cells (Figures 1C, D). These preliminary findings

suggest that, despite an important role for the intranasal route of

immunization, the acquisition of a classic lung TRM phenotype may

strongly rely on the antigen type, more specifically their natural

lung tropism.
Conclusions and a
proposed hypothesis

Most past studies strongly suggest that airway exposure to

antigens is an important factor in the establishment of lung TRM

cells, but additional evidence from us and others also point to the

antigen type, more specifically its natural lung tropism, as another

regulating factor. We believe that optimal lung TRM cell generation

will take advantage of these two variables, and the magnitude of lung

TRM cell responses obeys a continuum (Figure 2). In response to

airway exposure to lung allergens or to respiratory infections, both

lung antigen tropism and airway route of exposure are present, and

consequently a strong lung TRM cell response is mounted. On the
FIGURE 2

Hypothetical model for the relative contributions of antigen priming location versus antigen nature for lung TRM generation. Based on past research
and on our preliminary results, we postulate that the TRM education of lung T cells relies on both local antigen priming and the lung tropism of
relevant antigens. The magnitude of lung TRM responses is at its peak when lung-tropic antigens are recognized locally (i.e., in the lung); this is the
case, for example, in response to respiratory infections such as influenza or SARS-CoV-2 or to intranasal allergen sensitization. On the other hand,
recruitment of lung TRM cells is minimal when antigens with no lung tropism are recognized distally (e.g., systemic, or subcutaneous). When antigens
with lung tropism are introduced through non-airway routes, the magnitude of lung TRM cell accumulation is greatly reduced, but some
accumulation may still occur; lung inflammatory responses may play an essential role in this scenario, by creating chemotactic signals for lung T cell
infiltration. An example of this situation in real life is subcutaneous exposure to lung allergens. Finally, local recognition of antigens with no lung
tropism, at least in experimental models, can induce a relevant accumulation of lung parenchymal T cells; however, these cells still fail to acquire a
bona-fide TRM phenotype, perhaps due to diminished lung inflammation – since the lack of lung tropism hinders the ability of such antigens to
establish in the lung tissue. A possible exception to this rule is the product of mRNA vaccines to SARS-CoV-2 or influenza (which are in clinical
trials). These immunizations, which are distal (i.e., intramuscular), would theoretically lead to intermediate lung TRM responses based on our model;
however, current evidence suggests a strong lung T cell accumulation upon immunization. It is possible that a heightened state of basal lung
inflammation (due to past infection history in humans) could tip the balance in favor of stronger lung TRM cell responses, even in the absence of
local priming. This figure was generated using BioRender.
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other end of the spectrum, systemic infections with pathogens lacking

lung tropism do not elicit lung TRM cell responses. In “hybrid”

scenarios, such as intraperitoneal exposure to influenza or intranasal

exposure to LCMV, lung TRM cell generation will be partial, with the

magnitude of the response relying on other factors induced by either

lung inflammatory responses or antigen persistence.

Some questions, however, are still unanswered. First, what is the

exact influence of lung inflammatory responses (such as the ones

induced by innate immune cells or epithelial cells) in this “TRM

continuum”? When considering our intranasal LCMV system, for

example, the lack of a CD69/CD103 phenotype can be due to

changes during T cell priming, but the lack of lung tropism of

LCMV possibly also translates in decreased infectivity in the lungs.

Consequently, inflammatory responses during the acute phase are

expected to be lower in lungs, which could influence the local

release of signals such as TGF-b, which are necessary to educate

nascent TRM cells for CD103 expression (55). CD8+ TRM cells can be

generated in tissues without antigen if sterile inflammation is

administered to such tissues simultaneously to systemic antigen

immunization. This is true for skin TRM cells (56, 57) and female

reproductive tract TRM cells (58). Future systematic investigations

on whether such “prime and pull” strategies are sufficient for lung

TRM cell generation will be important.

Another important point to consider is the fact that CD4+ and

CD8+ TRM cells, despite sharing common pathways and molecular

requirements, are not the same. CD4+ TRM cells typically locate

outside of epithelial sites, partly due to their inability to respond to

TGF-b –which is controlled by their downregulation of Runx3 (59).
This is also true in the lungs, where CD4+ TRM cells are mostly

concentrated within the lung parenchyma, with some of them in

close contact with B cells and other immune cells (7, 15). Our model

heavily takes into consideration our findings with lung CD8+ TRM

cells, as well as the abundant literature on these cells (6, 13, 14, 28).

It will be interesting to assess the relative contributions of the route

of priming versus antigen tropism (versus local inflammation) for

lung CD4+ TRM cell establishment. In conclusion, in this perspective

we provided a short review of the known literature on how lung

TRM cells form, and how lung tissue versus antigen type can

influence their formation. Understanding the relative roles of

each one of these variables will lead, in our opinion, to the

discovery of more efficient approaches to boost the generation of

lung TRM cells that can provide protection against infections – or to

block undesirable lung TRM cell formation in response to

lung allergens.
Materials and methods

Mice

Male and female 6- to 8-week-old adult C57BL/6 (B6) mice

were purchased from Jackson and were allowed to acclimate to our

housing facilities for at least one week. Animals were maintained

under specific-pathogen-free conditions at Mayo Clinic Arizona. In

all experiments, mice were randomly assigned to experimental

groups. All experimental procedures were approved by the
Frontiers in Immunology 05132
institutional animal care and use committee at Mayo Clinic

Arizona (IACUC A00005542-20).
Viral strains

LCMV (Armstrong strain) was maintained at −80°C until

infection and diluted to 2x106 PFU/ml in PBS. Influenza (PR8

strain) was maintained at −80°C and diluted to 7x104 PFU/ml in

PBS (intranasal infection) or 7x107 PFU/ml in PBS (intraperitoneal

infection) at the time of infection studies.
Infection studies

Mice were infected with LCMV-Armstrong (2x105 PFU,

intraperitoneally or intranasally). Other mice were infected with

Influenza-PR8 (100 PFU, intranasally or 1x106 PFU, intraperitoneally).
Flow cytometry

Lymphocytes were isolated from spleen or lungs as previously

described (60, 61). Lungs were removed and cut in small pieces into

Erlenmeyer flasks containing 30 mL of 0.5 mg/ml Collagenase type

IV. During isolation of lymphocytes from lungs, in all experiments,

50 mg of Treg-Protector (anti-ARTC2.2) nanobodies (BioLegend)

were injected i.v. 30 minutes prior to mouse sacrifice (62). Direct ex

vivo staining was performed as described (60). To identify LCMV-

specific or Flu-specific CD8+ T cells, tetramers were obtained from

the Yerkes NIH Tetramer Core: Db-gp33 and Db-NP-flu tetramers

conjugated with APC- or PE-Streptavidin were used. For detection of

vascular-associated lymphocytes in non-lymphoid organs, in vivo i.v.

injection of PerCP-Cy5.5-conjugated CD8a antibody was performed

(63). Among LCMV- or Flu-specific CD8+ T cells, the following

markers were used to distinguish lung TRM cells: i.v.CD8a-CD69+/

−CD103hi/int/lo. In all flow cytometry experiments, Live/Dead Near-IR

was used to distinguish between live and dead cells. Flow cytometric

analyses were performed on FACS Symphony (BD Biosciences) and

data was analyzed using FlowJo software (Treestar).
Statistical analyses

Data were subjected to the Kolmogorov-Smirnov test to assess

normality of samples. Statistical differences were calculated by using

unpaired two-tailed Student’s t-test (or one-way ANOVAwith Tukey

post-test, where indicated). All experiments were analyzed using

Prism 9 (GraphPad Software). Graphical data was shown as mean

values with error bars indicating the SD. P values of < 0.05 (*), < 0.01

(**), < 0.001 (***) indicated significant differences between groups.
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