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Virtual memory CD8+ T cells (TVM) have been described as cells with a memory-

like phenotype but without previous antigen (Ag) exposure. TVM cells have the

ability to respond better to innate stimuli rather than by TCR engagement,

producing large amounts of interferon gamma (IFNg) after stimulation with

interleukin (IL)-12 plus IL-18. As a result of the phenotypic similarity, TVM cells

have been erroneously included in the central memory T cell subset for many

years. However, they can now be discriminated via the CD49d receptor, which is

up-regulated only on conventionalmemory T cells (TMEM) and effector T cells (TEFF)

after specific cognate Ag recognition by a TCR. In this work we show that systemic

expression of IL-12 plus IL-18 induced an alteration in the normal TVM vs TMEM/TEFF
distribution in secondary lymphoid organs and a preferential enrichment of TVM
cells in the melanoma (B16) and the pancreatic ductal adenocarcinoma (KPC)

tumor models. Using our KPC bearing OT-I mouse model, we observed a

significant increase in CD8+ T cell infiltrating the tumor islets after IL-12+IL-18

stimulation with a lower average speed when compared to those from control

mice. This finding indicates a stronger interaction of T cells with tumor cells after

cytokine stimulation. These results correlate with a significant reduction in tumor

size in both tumor models in IL-12+IL-18-treated OT-I mice compared to control

OT-I mice. Interestingly, the absence of IFNg completely abolished the high

antitumor capacity induced by IL-12+IL-18 expression, indicating an important

role for these cytokines in early tumor growth control. Thus, our studies provide

significant new information that indicates an important role of TVM cells in the

immune response against cancer.
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1 Introduction

The ability of CD8+ T cells to respond to cytokines in a

bystander T cell receptor (TCR)-independent way has been

studied for a long time. The work of Slifka et al. examined the

effects of more than 1800 cytokine combinations on virus-

specific CD8+ T-cell activation, demonstrating that certain

cytokine combinations could synergize to induce antigen-

independent IFNg production, CD69 up-regulation and in

some cases exhibit differential regulatory functions (1).

Interestingly, a recent review by Maier et al. has summarized

data demonstrating that recognition of cancer cells is mainly

restricted to a small subset of antigen (Ag)-specific tumor

infiltrating leukocytes (TILs). In fact, many TILs are “cancer

ignorant” and have been defined as “bystander T cells”, that

recognize non-cancer peptides, including viral antigens (2).

Although the most recent evidence has pointed to bystander T

cells as being the majority of infiltrating T cells in tumors, there

is still a lack of consensus regarding the activation status of these

cells and if their presence in tumors plays a role in anti-

cancer immunity.

Within the bystander T cell subset, virtual memory T cells

are a population of CD8+ T cells that, despite their antigen

inexperience, exhibit many hallmarks compatible with

conventional Ag-specific memory T cells. By consensus, the

lineage markers for TVM cells are: CD8+ CD44hi CD122hi

CD49dlo. The most recent marker is integrin alpha 4 (CD49d)

as it is highly expressed in T cells after a strong signal through

the TCR, via the cognate Ag-TCR-MHC-I interaction. As a

result, CD49d is highly expressed by TMEM/TEFF but not by TVM

cells, thus becoming an essential marker that discriminates

between these 2 populations of CD8+ memory T cells (3–5).

Also, a transcription factor, eomesodermin (Eomes), is highly

expressed by TVM cells and is associated with their functional

capacity (6, 7).

During their thymic maturation these “memory-like” cells

can be differentiated into two populations: TVM and TIM (innate

memory) by the expression of different markers, including

CD5hi in TVM and interleukin (IL)-4Rhi and CD49dhi in TIM

cells. However, when they reach secondary lymphoid organs

(SLO), TIM cells downregulate CD49d, and as such, CD5 and IL-

4R expression is not sufficient to discriminate between both cell

types (8). As a result, they became indistinguishable from each

other and compose a heterogeneous group of memory-like cells

designated as TVM cells (3, 8, 9).

In spite of never having contacted their specific Ags, TVM

cells are capable of developing a powerful cytotoxic response in a

TCR-independent manner, mainly through mechanisms that

may involve interaction through the receptor NKG2D (10, 11).

Also, their lytic capacity is mediated by production of large

amounts of the interferon gamma (IFNg), especially after IL-12

and IL-18 stimulation (3, 12–14) and by granzymes release (15,
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16). Even though these cells have been described as being

important in controlling infectious diseases through innate

bystander mechanisms, the role of TVM cells in cancer has not

been widely studied.

Interleukin-12 and IL-18 are inflammatory cytokines mainly

produced by activated macrophages and dendritic cells at the

initiation of an immune response (17). It has been reported that

IL-12 and IL-18 are capable of activating virtual memory CD8+

T cells leading to rapid production of IFNg, resulting in crucial

pathogen control during certain viral and bacterial infectious

processes (10, 18–21). Moreover, we have previously described

the role of TIM cells during a murine model of parasitic infection

with Trypanosoma cruzi (13).

Infiltration of CD8+ T cells into tumors is associated with a

better prognosis for response in cancer patients (22, 23).

Moreover, it has been long assumed that CD8+ T cells present

in tumors are conventional memory CD8+ T specific for tumor

antigens. In this context, the role of TVM cells present in tumors

and their Ag-independent antitumor mechanisms has not been

thoroughly investigated.

The few reports that have addressed the role of TVM cells (or

cells compatible with TVM phenotype, not identified by the

current consensus lineage markers) mainly focus on the

antitumor mechanism mediated by the receptor NKG2D (10,

11). However, the presence and activity of TVM vs TMEM cells in

tumor growth control has not been thoroughly studied,

especially with regard to the role of effector mechanisms. This

is quite important, especially with respect to tumors that do not

express the ligands for NKG2D. In this context, IFNg is a

cytokine highly produced by TVM cells, able to promote a

potent antitumor activity especially through anti-angiogenic

mechanisms (24). Importantly, we have recently demonstrated

that after IL-12 systemic expression, a significant reduction is

observed in the number of blood vessels present in B16 and EL-4

tumors (25). This data is quite relevant to the biology of these

tumors as they do not express NKG2D ligands (26) and their

growth seems to rely upon neovascularization (24).

Based on this evidence, we decided to focus on the role of

IFNg in murine cancer models utilizing cell lines that lack

NKG2D ligands, in order to avoid interference with this

potential cytotoxic mechanism (26). Previously, our group

demonstrated that systemic expression of IL-12+IL-18 was

capable of inducing a strong antitumor effect against 2

different tumor cells lines in vivo (B16, melanoma and 3LL,

lung carcinoma). However this occurred at the expense of toxic

side effects resulting in only 50% survival over a period of 50

days post-treatment (27). Because toxicity was associated with

IL-12 but not to IL-18 (27, 28), we used lower doses of IL-12

cDNA to minimize the side effects. Utilizing this lower dose, we

demonstrated that survival reached 100% and the antitumor

effect was still present (25). Interestingly, IL-12 systemic

expression does not affect the total number of CD8+ T cells
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but induces an increase in the percentage of IFNg+CD8+

infiltrating B16 and EL-4 tumors (25). As we have reported, a

rapid and strong antitumor effect early after IL-12+IL-18

expression (27), we speculated that TVM (CD8+ CD44hi

CD122hi CD49dlo) along with tumor Ag-specific CD8+ effector

T cells (TEFF) and TMEM (CD8+ CD44hi CD122hi CD49dhi) could

be playing a role in tumor growth control in an Ag-

independent manner.

In the present work we have evaluated the balance between

these populations in SLO and tumors, both in steady-state

conditions and after systemic stimulation with IL-12+IL-18.

We observed that the number and the phenotypic

characteristics of these T cells experienced changes from a

normal state to inflammatory T helper 1 conditions following

cytokine expression. Moreover, systemic expression of IL-

12+IL-18 leads to a prevalence of TVM cells expressing IFNg in
tumors and defines these cells as an essential factor for tumor

growth control in the early stages of disease.
2 Material and methods

2.1 Mice

Female and male WT C57BL/6, IL4KO (C57BL/6J-IL-

4tm1Nnt), IFNARKO (Ifnar1tm1Ag), IFNgKO (B6.129S7-

Ifngtm1Ts/J), and OT-I (RAG-sufficient, B6 background) used

in this study were 6–7-weeks-old and were maintained under

specific pathogen-free conditions. Animal care was provided in

accordance with the procedures outlined in the Guide for the

Care and Use of Laboratory Animals (NIH-Publication No. 86-

23, 1985). The experimental protocols were approved by the

Institutional Animal Care and Use Committee of Centro de

Investigaciones en Bioquı́ mica Clı́ nica e Inmunologı́ a (CIBICI),
Consejo Nacional de Investigaciones Cientı́ ficas y Técnicas

(CONICET). Our animal facility has obtained NIH animal

welfare assurance (assurance no. A5802-01, Office of

Laboratory Animal Welfare, NIH, Bethesda, MD, USA).
2.2 Cell lines

B16-F10 melanoma cells were obtained from the American

Type Culture Collection (ATCC). KPC pancreatic ductal

adenocarcinoma cel ls were previously used at Dr.

Donnadieu´s labororatory (INSERM U1016, Institut Cochin,

Paris, France). Both cell lines were free of Mycoplasma

infection (tested by PCR every 12 months). B16-F10

melanoma cells were cultured in DMEM and KPC in

DMEM/F12, both containing 10% Fetal Bovine Serum (FBS),

100 U/ml penicil l in, 2mM L-Glutamine, 100 µg/ml

streptomycin at 37°C, 5% CO2.
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2.3 Hydrodynamic cDNA injections

The hydrodynamic gene transfer procedure was described

previously by our group (13, 25, 27–30). The designated amount

of each DNA was suspended in 1.6 mL of sterile 0.9% sodium

chloride solution. Animals were injected in the tail vein with the

cDNAs in less than 8 s and separated in two groups, control: 15

µg of ORF empty vector cDNA and IL-12+IL-18: 1 µg of IL-12

cDNA (pscIL-12, p40-p35 fusion gene) plus 10µg of IL-18 cDNA

(pDEF pro-IL-18). All the expression plasmids utilize the human

elongation 1-a promoter to drive transcription.
2.4 In vivo tumor models

WT, OT-I, IL4KO, IFNARKO and IFNgKO mice were

shaved and injected subcutaneously (s.c.) in the left flank with

1×106 B16-F10 cells or 10×106 KPC cells in 100µl of a sterile

0.9% sodium chloride solution. After 7-10 days, when solid

tumors were visible (4–5 mm diameter), mice were

hydrodynamically injected (HI) with the designated cDNAs

(Day 0). At the specified time points, tumor growth was

monitored with a caliper and tumor volume was calculated as:

Tumorvolume :
(d2)� D

2

in which “d” corresponds to the lower diameter of the tumor,

and “D” to the longest one. At day 7 post-hydrodynamic

injection, animals were euthanized and tumors were removed

and weighed using an analytical scale.
2.5 Tissue processing

At day 7 post-HI, spleens, tumor-draining lymph nodes

(dLN) and tumors were harvested and mechanically disrupted

with a disposable mesh (FiltraBags). Cell suspensions were

collected and stained for flow cytometry analysis. B16-tumors

were harvested, weighed, cut into small pieces, mechanically

disrupted, and resuspended at 1g of tumor/7mL of Phosphate

Buffered Saline (PBS) + 10% FBS for flow cytometry analysis.

KPC tumors were harvested, weighed, cut into small pieces,

mechanically and enzimatically (with DNAse and Liberase)

disrupted, and counted. Five million cells were stained for flow

cytometry analysis. Splenocyte suspensions were depleted of red

cells by treatment with ACK lysis buffer before staining.
2.6 Flow cytometry

Phenotypic analysis of cells from spleens, dLN and B16-F10

tumors, was performed by flow cytometry ex vivo on day 7 post-
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HI. Samples were first washed with PBS and stained with

Zombie Acqua Fixable Viability Kit (Biolegend) 15 minutes at

room temperature for exclusion of dead cells. Expression of

different surface markers was assessed by staining with

appropriate combinations of the following monoclonal

antibodies (mAbs) for 30 min at 4°C: CD4 (RM4-5,

Biolegend), CD8 (53-6.7, Biolegend), CD44 (IM7, eBioscience),

CD45 (30-F11, Biolegend), CD49d (R1-2, Biolegend), CD122

(TM-b1, Biolegend), NK1.1 (PK136, Biolegend) and TCRb

(H57-597, Biolegend) or its respective isotype matched

antibody. Cells were washed twice with PBS and acquired on a

BD LSR Fortessa X-20 cytometer (BD Biosciences).

To detect intranuclear Eomes expression, cells were stained

for surface markers, washed, and fixed with IC Fixation Buffer

(eBioscience) for 90 minutes at 4°C. Cells were washed with

Permeabilization Buffer (eBioscience) and incubated for 30

minutes with the same buffer. Cells were centrifuged and

incubated with the Eomes PE anti-mouse Ab (Dan11mag,

eBiosciencce), or isotype-matched antibody for 45 min at 4°C

and then acquired in a BD LSR Fortessa X-20.

For Ovalbumin (OVA)-specific CD8+ T cell detection, cells

were L/D stained, washed and then stained using H-2K(b)

chicken ova amino acids 257–264 SIINFEKL APC-labeled

Tetramer (ProImmune or NIH Tetramer Core Facility) for

30min, followed by washing steps and surface staining. Cells

were acquired in a BD LSR Fortessa X-20. Analysis was

performed using FlowJo VX software (Tree Star, Inc.).
2.7 Tumor slice imaging

For studying CD8+ infiltrating T cells in KPC tumors,

tumors from control and 12+18-treated OT-I mice were

harvested and placed in a PLP solution (containing PFA 1%,

Lysine, Sodium Periodate (NaIO4) in PBS) for 2 hours at RT,

washed with PBS and embedded in 5% low-gelling-temperature

agarose (type VII-A, Sigma-Aldrich) prepared in PBS.

Real-time imaging experiments were performed with KPC

tumor specimens obtained 2–4 h after tumor resection from

control or 12+18-treated OT-I mice at day 7 post-HI. Tumor

slices were prepared as previously described (31, 32). In brief,

samples were embedded in 5% low-gelling-temperature agarose

(type VII-A, Sigma-Aldrich) prepared in PBS. In both cases, 200

µm slices were cut with a vibratome (VT 1000S, Leica) in a bath

of ice-cold PBS. Slices were transferred to 0.4-mm organotypic

culture inserts (Millicell, Millipore) in 35-mm Petri dishes

containing 1 ml phenol red free RPMI 1640in an incubator at

37°C and 5% CO2. Live vibratome sections were stained for

15 min at 37°C with the following antibodies: PerCP-eFluor710-

conjugated anti-CD8 (53-6.7, eBiosciences), BV421-conjugated

anti-EpCAM (G8.8, BD Horizon) and eFluor660-conjugated
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anti-gp38 (8.1.1, eBioscience andwashed thereafter. All

antibodies were diluted in phenol red free RPMI and used at a

concentration of 10 mg/ml. To concentrate the antibodies on the

tissue, a stainless-steel ring was placed in the agarose

surrounding the slice.

Tumor slices were imaged with a DM500B upright

microscope equipped with a SP5 confocal head (Leica) and a

37°C thermostat controlled chamber. For dynamic imaging,

tumor slices were secured with a stain-less steel slice anchor

(Warner Instruments) and perfused at a rate of 1 ml/min with a

solution of phenol red free RPMI and then, bubbled with 95%

O2 and 5% CO2. Ten minutes later, images from a first

microscopic field were acquired with a 25× water immersion

objective (Olympus, 20×/0.95 NA). For four-dimensional

analysis of cell migration, stacks of 6–10 sections (z step = 5–7

mm) were acquired every 30 s for 20–40 min, at depths up to 80

mm. Regions were selected for imaging when tumor

parenchyma, stroma and T cells were simultaneously present

in the same microscopic field. For most of the tumors included

in the study, between 2 and 4 microscopic fields were selected for

time-lapse experiments.
2.8 Image data analysis

Image analysis was performed at the Cochin Imaging

Facility (Institut Cochin, Paris). A 3D image analysis was

performed on x, y, and z planes using Imaris 7.4 (Bitplane

AG). First, superficial planes from top of the slice to 15 mm in

depth were removed to exclude T cells located near the cut

surface. Cellular speed means were calculated using Imaris.

Tracks >10% of the total recording time were included in the

analysis. To reveal the relationship between CD8+ T cell

motility and the tumor structure (tumor islets and stroma),

confocal time-lapse images of T cells were superimposed onto

the corresponding gp38 and EpCAM images. CD8+ T cells

localized in the stroma were distinguished from those infiltrated

in tumor cell nests by looking at individual planes along the z

axis. Videos and images were made by compressing the z

information into a single image using Imaris. When a drift in

the x, y dimension was noticed, it was corrected using the

“Correct 3D Drift” plug-in in Image J. For the automated

detection of resident CD8+ T cells in different tumor areas

(stroma or tumor islets), we used the Image J software. First,

fluorescent images threshold was obtained and converted to

binary images. Angles between the cell trajectory vectors, which

are the connecting lines between starting points and end points

of each track, and tumor- stroma boundaries were calculated

using Image J software. Only the cells positioned within a

maximum distance of 100 mm from the tumor-stroma

interfaces were included in further analysis.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.971001
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Savid-Frontera et al. 10.3389/fimmu.2022.971001
2.9 Statistical analysis

Statistical analyses were performed using GraphPad Prism

version 7.0 (GraphPad Software). Data was analyzed by means of

a Student unpaired t test (comparison of 2 experimental groups),

One-way analyses of variance (ANOVA) test (for comparing

more than 2 experimental groups) or Two-way ANOVA test

(composition of more than 2 variables). Results are expressed as

means ± SEM and were considered statistically significant when

p< 0.05.
3 Results

3.1 Antitumor effect of systemic
IL-12+IL-18 expression

In order to induce systemic expression of the cytokines IL-12

and IL-18, we have used hydrodynamic injection as a tool. By

rapidly injecting naked cDNA encoding these cytokines i.v,

mostly hepatocytes uptake the cDNA and systemically and

transiently produce the protein of interest. This methodology

was first described by Liu et al. (33) and has been used in our

laboratory in several publications (13, 25, 27–30).

Previous work from our group has shown that systemic

expression of IL-12 and IL-18 is capable of inducing the

expression of IL-15 in the thymus (13). When we evaluated if

a similar induction was happening in the periphery, we observed

that the procedure was capable of inducing the expression of IL-

15 RNA in LNs, spleen and liver, the main sites of TVM cell

residence (34) (Supplementary Figure 1). Thus, we created an in
Frontiers in Immunology 05
vivo environment where 3 cytokines, important for

maintenance/development and functional activities of TVM

cells, were simultaneously present. Moreover, the systemic

amounts of IL-12 and IL-18 we induced by hydrodynamic

injections were previously assessed by our laboratory and were

completely tolerated by the mice and similar to what is described

for certain pathological scenarios like infectious diseases (25, 27,

35–37).

As seen in Figure 1, we first determined the antitumor effect

of systemic expression of IL-12 + IL-18 at the tolerated doses

(see M&M section). We observed significant growth control of

B16 tumors evaluated by tumor volume in vivo up to 7 days

post-treatment (Figures 1A, B) as well as by tumor weight at day

7 post treatment, compared to control mice (Figure 1C).
3.2 Effects of systemic IL-12+IL-18
expression on CD8+ T cells in SLO
and tumors

3.2.1 Alterations in SLO
Taking into account that the tumor growth control was

observed in a rapid time period (7 days) due to systemic cytokine

stimulation, we wondered if TVM, TEFF and early TMEM cells (or

pre-existing TMEM cells) could be playing a role in the antitumor

immune response. We focused our attention on the contribution

of these cell types because they rapidly respond to IL-12, IL-18

and IL-15 stimulation as previously reported (34). While it is

possible that NK cells could be also contributing, in this

experimental system, NK cells are almost undetectable as we

have previously reported (25, 27).
A B C

FIGURE 1

Effects of the systemic co-expression of IL-12 plus IL-18 on tumor growth. B16-bearing C57BL/6 WT mice were hydrodynamically injected (HI) with IL-
12 plus IL-18 cDNA (12 + 18) or empty cDNA as the control. At the indicated time points post-HI tumor size was measured using a caliper. After 7 days
post-HI mice were euthanized, and tumors were harvested and weighed using an analytical scale. (A, B) Tumor growth represented as tumor volume
(in cm3) at specified days post-HI is shown (A) for each mouse individually or (B) as an average (mean ± SEM) for each group. (C) Tumor weight in
grams is represented as mean ± SEM for each experimental group. Statistical analysis was performed using a two-way ANOVA with Sidak’s multiple
comparison test on (B) or a Student T test in (C). Values of **p<0.01, and ****p<0.0001 were consider significant.
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Next, we performed a comparative analysis of the frequency

and phenotype of the CD8+ T cells in a distant (spleen) and a

close (draining lymph nodes, dLNs) SLO to the tumor site in the

absence (control) or presence of systemic IL-12+IL-18 (12 + 18).

See strategy gates in Supplementary Figure 2.

As shown in Figure 2, both the percentage and the absolute

cell number of total CD8+ T cells in the spleen (Figure 2A) and

dLNs (Figure 2B) did not change when comparing control and

12+18-treated mice. However, the treatment induced a

significant increase in the proportion of CD8+CD44hi T cells

in both examined SLO (Figures 2C, D). Of note, it is important

to mention that CD44 expression is a consensus marker for

memory and activated T cells and it is highly expressed by both

TVM and TMEM/TEFF cells (8, 34).

As previously reported, CD49d is the integrin subunit alpha

4 and is up-regulated after a strong signal through the TCR in T

cells driven by a cognate antigen. This important marker allows

one to distinguish TVM cells from conventional effector memory

T cells (3–5). Based on this receptor expression, we found that in

the spleen of control mice, there are similar percentages of TVM
Frontiers in Immunology 06
vs TMEM/TEFF cells but after exposure to systemic IL-12+IL-18,

TMEM/TEFF cells expanded almost 3 times while the number of

TVM cells remained almost unchanged (Figure 2E). A similar

pattern was observed in dLNs. Of note, TVM are highly enriched

in this tissue, representing approximately 80% of total

CD8+CD44hi cells in steady-state conditions (control mice)

(Figure 2F). Overall, we observed that IL-12+IL-18 systemic

expression preferentially favors the expansion of TMEM/TEFF

over TVM cells in SLO.

Next, we evaluated if systemic IL-12+IL-18 treatment was

able to alter the expression of the different consensus markers of

TVM and TMEM/TEFF cells. Evaluation of CD122 expression

demonstrated that this marker is already highly expressed on

TVM cells in the spleen (Figure 3A) and dLNs (Figure 3B) under

steady-state conditions compared to conventional memory/

effector CD8+ T cells, as previously reported (8, 34). However,

after systemic expression of IL-12+IL-18, only TMEM/TEFF cells

up-regulate this marker to levels similar to that observed in TVM

cells. When we evaluated Eomes expression, we observed that

both cell subsets expressed high levels of this transcription factor
A B

D

E F

C

FIGURE 2

Effects of systemic co-expression of IL-12 plus IL-18 on CD8+ T lymphocytes in SLO. B16-bearing C57BL/6 WT mice were hydrodynamically
injected (HI) with IL-12 plus IL-18 cDNA (12 + 18) or empty cDNA as the control. After 7 days post-HI mice were euthanized, and spleen and
tumor-draining lymph nodes (dLN) were harvested and processed for flow cytometry. Dot plots and their respective bar graphs represent
frequencies and absolute cell numbers of the specified subpopulations (Total CD8+ T cells, CD44hiCD8+ T cells and TMEM/TEFF and TVM cells
among CD44hiCD8+ T cells) from control (left dot plots) or 12 + 18 mice (right dot plots) on (A, C, E) spleen or (B, D, F) dLN. Statistical analysis
was performed with Student T test (lower B–D and lower E), or applying Welch (A) or Mann-Whitney (upper B, upper E, F) correction as
appropriate. Values of **p<0.01, ****p<0.0001 were consider significant. #### p<0.0001 represent the statistical difference of the indicated
TMEM/TEFF subpopulations. Ns, Not significant.
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and expression levels were not altered by the in vivo treatment

with the cytokines, both in the spleen and dLNs (Figures 3C,

3D, respectively).

3.2.2 Alterations in tumors
After evaluation of these parameters in SLO, we focused next on

determining the frequency and phenotype of TVM and TMEM/TEFF
cells infiltrating B16 tumors. We observed that the treatment did

not alter the percentage of total CD45+ infiltrating leukocyte (TILs)

(Figure 4A). However, the frequency of CD8+ T cells within TILs is

significantly increased in mice that received IL-12+IL-18 in vivo

(Figure 4B).We observed that most CD8+ T cells express high levels

of CD44hi, and this percentage is even higher after IL-12+IL-18

treatment (Figure 4C). After the treatment with the cytokines, we

expected to see an enrichment of TMEM/TEFF cells similar to data

obtained in SLO. However, in the tumor site, the frequency of TVM

cells increased from about 25% in control mice to more than 60% in

12 + 18-treated mice (Figure 4D). When we evaluated CD122 and

Eomes expression in these cells, we obtained similar results to SLO,

but in this case CD122 expression increased in both TVM and

TMEM/TEFF cells after IL-12+IL-18 systemic expression (Figure 4E)

while Eomes levels remained high and unaffected (Figure 4F).
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3.3 Systemic IL-12 and IL-18 expression
impacts the number and phenotype of
TVM and TMEM/TEFF cells but not the
antitumor capacity in IL-4KO and IFNAR
KO mice

Previously, we have shown that expression of systemic IL-12 and

IL-18 is able to induce IL-15 expression in siteswherememoryTcells

usually reside. Moreover, we demonstrated how the frequency and

phenotypeof bothTVMandTMEM/TEFF cells are affectedboth in SLO

and tumors in a bystander mechanism after non-antigenic in vivo

stimulation. Other than the mentioned cytokines, it has been

reported that IL-4 and type I IFNs play a crucial role during

development/maintenance and functional stages of TVM cells in

steady-state conditions (38, 39). However, their role after systemic

Th1 inflammatory situations has not been completely addressed. To

evaluate the impact of IL-4 and type I interferons, we examined the

frequency and phenotype of TVM and TMEM/TEFF cells in SLO and

the antitumor ability of systemic IL-12 and IL-18 expression inmice

deficient in IL-4 or type I IFNs receptor (IFNAR). As shown in

Supplementary Figure 3, we observed that the total CD8+ absolute T

cell number were not affected after 12 + 18 treatment either in IL-
A B
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FIGURE 3

Effects of systemic co-expression of IL-12 plus IL-18 on TVM and TMEM/TEFF cells in SLO. B16-bearing C57BL/6 WT mice were hydrodynamically
injected (HI) with IL-12 plus IL-18 cDNA (12 + 18) or empty cDNA as the control. After 7 days post-HI mice were euthanized, and spleen and
tumor-draining lymph nodes (dLN) were harvested and processed for flow cytometry. Histograms and their respective bar graphs represent
(A, B) CD122 or (C, D) Eomes frequencies and D medium fluorescence intensity (MFI) of TVM (left histograms) and TMEM/TEFF cells (right
histograms) from control (upper histograms) or 12 + 18 mice (lower histograms) on (A, C) spleen or (B, D) dLN. D MFI was calculated as CD122
or Eomes MFI minus MFI from their respective isotype controls. Statistical analysis was performed with One-way ANOVA test (B) or Kruskall
Wallis test (A, C, D). Values of *p<0.05, ***p<0.001 ****p<0.0001 were consider significant.
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4KO nor in IFNAR KO mice both in spleen (Supplementary

Figure 3A) and dLNs (Supplementary Figure 3B).

As previously determined for WT mice, systemic expression

of IL-12+IL-18 also increased the percentages of CD8+CD44hi T

cells in IL-4 KO. Surprisingly, in IFNAR KO mice, this increase

is observed in spleen (Supplementary Figure 3C) but not in dLNs

(Supplementary Figure 3D). An interesting result arose when

comparing the frequency of TVM vs TMEM/TEFF cells between

WT and the KO mice. In contrast to WT mice, we observed that

the frequency of TMEM/TEFF cells in IL-4 KO mice is similar in

control and 12 + 18-treated mice. Unexpectedly, in IFNAR KO

mice, TMEM/TEFF cells were almost undetectable in control mice

and even though the cells increased after IL-12+IL-18 treatment,

they did not reach the proportion observed in WT mice

(Supplementary Figures 3E, F).

These data demonstrate how the presence of these cytokines

can regulate the normal proportions of TVM and TMEM/TEFF
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cells in SLO in steady-state and also during systemic Th1

inflammatory situations. In spite of the changes observed in

the frequency of these cell populations, the antitumor capacity in

both IL-4 and IFNAR KOmice was high and similar toWTmice

(Supplementary Figure 3G).
3.4 Enrichment of TVM cells by using
OT-I mice

3.4.1 The TVM cells vs TMEM/TEFF cells balance
in SLO of WT and OT-I mice

It has been proposed that the chances of a CD5hiCD8+ T cell

that leaves the thymus to become a TVM cell in the periphery

depends upon the accessibility of certain niches in SLO where

the appropriate conditions for their differentiation are present

(8, 34, 40). Then, the chances for a specific T cell to become a
A

B

D

E

FC

FIGURE 4

Effects of systemic co-expression of IL-12 plus IL-18 on leukocytes and CD8+ T lymphocytes in tumors. B16-bearing C57BL/6 WT mice were
hydrodynamically injected (HI) with IL-12 plus IL-18 cDNA (12 + 18) or empty cDNA as the control. After 7 days post-HI mice were euthanized,
and tumors were harvested and processed for flow cytometry. (A–D) Dot plots and their respective bar graphs represent the frequencies of the
specified subpopulations (total leukocytes, total CD8+ T cells, CD44hiCD8+ T cells and TMEM/TEFF and TVM cells among CD44hiCD8+ T cells)
from control (left dot plots) or 12 + 18 mice (right dot plots). (E, F) Histograms and their respective bar graphs represent CD122 (top) or Eomes
(bottom) frequencies and D MFI on TVM (left histograms) and TMEM/TEFF cells (right histograms) from control (upper histograms) or 12+18 mice
(lower histograms). D MFI was calculated as MFI of CD122 or Eomes minus MFI from their respective isotype control. Statistical analysis was
performed with Student T test (A), with Welch correction (B–D) or with a One-Way (E) or Brown Forsythe and Welch (F) ANOVA test as
appropriate. Values of *p<0.05, **p<0.01, were consider significant. # p<0.05 represent the statistical difference of the indicated TMEM/TEFF
control vs 12 + 18 subpopulations while X p<0.05 represents the difference among control and 12 + 18 TVM cells.
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TVM cell not only depends upon the type of selection that it

received in the thymus but also on the competition for niches in

SLO. Based on these data, we decided to evaluate a scenario

where the proportion of TVM cells over TMEM/TEFF is higher

than inWTmice. We used non-RAG KOOT-I mice where most

of the CD8+ T cells carry a TCR specific for OVA, a protein not

expressed by B16 tumors. In these mice, TVM and TMEM/TEFF

cells still co-exist but with a larger proportion of TVM cells (OVA

specific) than in WT mice (Supplementary Figure 4).

Interestingly, when using this experimental model we observed

that while the number of CD8+CD44hi T cells is similar between

WT and OT-I mice in the control groups, the frequency of these

cell subsets increased in a larger proportion in OT-I compared to

WT mice after IL-12+IL-18 in vivo stimulation in both SLO

(Figures 5A, B). Furthermore, in OT-I mice the higher numbers

of CD8+CD44hi T cells after IL-12+IL-18 treatment is mainly

due to an increase in absolute cell numbers of TVM cells over

TMEM/TEFF cells in spleen (Figure 5C) and dLNs (Figure 5D). In

addition, evaluation of CD122 and Eomes expression

demonstrated similar results when comparing WT and OT-I

mice with an up-regulation of CD122 in TMEM/TEFF cells after

the 12 + 18 treatment, especially in dLNs (Figures 6A, B).

Surprisingly, Eomes expression in both TVM and TMEM/TEFF

cells is lower in OT-I than in WT mice, especially in spleen

(Figure 6C) and is not affected by the treatment (Figures 6C, D).

When we performed a non-supervised flow cytometry

analysis (Trimap) of these cell subsets, we observed similar

results to the supervised data (shown in Figures 5, 6).
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Furthermore, as shown in Supplementary Figure 5, TMEM/TEFF

cells predominate after IL-12+IL-18 treatment in WTmice while

the opposite effect is seen in OT-I where TVM cells are enriched

after the cytokine treatment.

3.4.2 High and similar antitumor capacity of
OT-I and WT mice after systemic expression of
IL-12 and IL-18

When we compared the antitumor ability against B16 in OT-

I and WT mice we observed that tumor growth is significantly

lower in control OT-I than WT mice in the days post-treatment

(Figures 7A, B). This effect is also confirmed by smaller tumors

in OT-I control mice at day 7 post-treatment (Figure 7C).

Although we observed a certain amount of CD4+ T cells in the

non-RAG KO OT-I mice (Supplementary Figures 4, 7), we have

not evaluated the proportion of conventional vs regulatory CD4

+ T cells (Treg) cells and anti-tumor activity in control mice.

However, the antitumor capacity is similar and highly efficient

after IL-12+IL-18 systemic expression in both strains of mice

(Figures 7A–C). Interestingly, we confirmed that a proportion of

CD45+ cells infiltrating the B16 tumors from OT-I are OVAt+

cells (~9-10% of total CD8+ cells) (Figure 7D). Moreover, IL-

12+IL-18 stimulation increased the frequency of polyclonal TVM

cells (although OVAt+ cells are in similar percentage compared

to control mice) (Figure 7E). Importantly, OVAt+ cells are

CD49dlo meaning that, at least in case of dual TCRs, they

don´t carry a TCR specific for tumor antigens or are activated

by other antigens.
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FIGURE 5

Effects of systemic co-expression of IL-12 plus IL-18 on CD8+ T lymphocytes in SLO from WT and OT-I mice. OVAneg B16-bearing C57BL/6 WT
and OT-I mice were hydrodynamically injected (HI) with IL-12 plus IL-18 cDNA (12 + 18) or empty cDNA as the control. After 7 days post-HI
mice were euthanized, and spleen and dLN were harvested and processed for flow cytometry. (A, B) Bar graphs represent frequencies of
CD44hiCD8+ T cells on (A) spleen or (B) dLN from control or 12 + 18 WT or OT-I mice. (C, D) Bar graphs show frequencies and absolute cell
numbers of TMEM/TEFF and TVM cells among CD44hiCD8+ T cells from (C) spleen or (D) dLN from control or 12 + 18 WT or OT-I mice. Statistical
analysis was performed with One-way ANOVA (A-D). Values of *p<0.05, **p<0.01, ****p<0.0001 were consider significant. #### p<0.0001
represents the statistical difference of the indicated TMEM/TEFF control vs 12 + 18 subpopulations, while X p<0.01 represents the difference
among the specified control and 12 + 18 TVM cells, * indicates an statistical difference in both subpopulations of memory CD8+ T cells.
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We have previously demonstrated the potent antitumor

capacity of IL-12+IL-18 cDNA (at higher doses) (27) or IL-12

cDNA systemic expression (25, 28) in B16 and other murine

tumor models in vivo (3LL and EL4). In Figure 4 we show that

there is a significant increment in total CD8+ T cell infiltration

in B16 tumors after systemic expression of IL-12+IL-18. Based

on these results, we evaluated CD8+ T cell infiltration in tumors

that have poor leukocyte infiltration due to the development of

mechanisms of T cell exclusion. We have chosen the OVAneg

KPC cell line (pancreatic ductal adenocarcinoma) model

because it demonstrates an inflammatory infiltrate with a

scarcity of effector T cells (41). We asked if in this “cold”

tumor model, systemic IL-12+IL-18 treatment was able to

increase the capacity of CD8+ T cells to infiltrate the tumors.

Moreover, this cell line, by not undergoing the epithelial-

mesenchymal transition process, is able to recapitulate the

biology of human cancers in mice as characterized by islets of

tumor cells surrounded by stroma (Supplementary Figure 6).

This type of structure allows us to differentiate not only the

location, but also the behavior and migratory pattern of the cells

that infiltrate the tumors. We first evaluated tumor sizes in

KPC-bearing OT-I mice and similar to the B16 tumor model,

KPC tumors were significantly smaller in 12 + 18-treated mice

than in control mice (Figure 8A).

The results shown in Figure 5 (OT-I mice) demonstrate that

when TVM cells predominate over TMEM/TEFF cells, a higher

antitumor capacity is observed. By using an OVA tetramer

(OVAt), we evaluated the exclusive role of TVM cells in KPC-

bearing mice by selecting OT-I animals that carry 99-100%

CD8+OVAt+ T cells where CD8+ T cells carry a TCR non-

specific for tumor antigens (Supplementary Figure 7).
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In this experimental setting, we observed that tumors from

12 + 18-treated mice were highly infiltrated by TVM cells as

compared to control mice (quantification in Figure 8B and

representative images in Figures 8C, D). Magnification images

(Figures 8E–H) show that in both groups of mice, TVM cells are

quite restricted to the stromal areas. However, in 12 + 18-treated

mice, TVM cells were able to infiltrate more efficiently into the

tumor areas compared to tumors from control mice

(Figures 8G, H).

To analyze the behavior of the lymphocytes inside the

tumor, we performed ex vivo real-time imaging experiments in

which we observed that TVM cells from tumors of control

animals showed a high mobility (Supplementary Video 1) as

compared to those present in tumors from 12 + 18-treated mice,

where the cells were visualized as considerably more static

(Supplementary Video 2) (statistical analysis in Figure 9A). In

selected images obtained from the videos, it can be clearly

observed that TVM cells in control animals are mostly

restricted to stromal areas (green) (Figure 9B), while those of

12 + 18 animals are in close contact with the tumor islets

(blue) (Figure 9C).
3.5 The antitumor effect of systemic IL-
12+IL-18 is mainly mediated by IFNg
production

Due to the results obtained from videos 1 and 2, it seems that

high infiltration into tumor islets along with low motility of TVM
cells indicate that cell-cell interactions may be an important part of

the antitumor mechanism after systemic IL-12+IL-18 expression.
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FIGURE 6

Effects of systemic co-expression of IL-12 plus IL-18 on TVM and TMEM/TEFF cells in SLO from WT or OT-I mice. OVAneg B16-bearing C57BL/6
WT or OT-I mice were hydrodynamically injected (HI) with IL-12 plus IL-18 cDNA (12 + 18) or empty cDNA as the control. After 7 days post-HI
mice were euthanized, and spleen and tumor-draining lymph nodes (dLN) were harvested and processed for flow cytometry. Bar graphs show
the frequencies of (A, B) CD122+ or (C, D) Eomes+ TVM or TMEM/TEFF cells (left and right graphs respectively) on (A, C) spleen and (B, D) dLN
from each experimental group. Statistical analysis was performed with One-Way ANOVA (A, D, left B, and left C) or Brown-Forsthy and Welch
ANOVA test (right B and right C). Values of *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 were consider significant.
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The main candidate for this cell-cell interaction that has been

previously described is NKG2D, a cell surface protein that is

expressed in TVM cells. However, the fact that most of the cell

lines that were used in our experiment do not express NKG2D

ligands made this hypothesis unlikely (26). In contrast, IFNg
production is synergistically produced in cells that simultaneously

express IL-12R and IL-18R as in the case of TVM cells (3, 12–14).

Moreover, IFNg has been demonstrated to induce a strong anti-

angiogenic effect on tumormodels (24). Based on these findings, we

hypothesized that IFNg could be playing a main role in this system

as an antitumor effector. Interestingly, TVM cells produce large

amount of IFNg in response to IL-12+IL-18 as previously

demonstrated in infectious disease murine models (3, 12–14).
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To test this hypothesis, we first evaluated tumor growth and

size after systemic expression of IL-12+IL-18 in B16-bearing WT

or IFNgKO mice (GKO). As shown in Figure 10A, the potent

antitumor capacity of IL-12+IL-18 is completely abolished in

mice that lack IFNg. This effect is also visualized by similar

tumor size when comparing control and 12 + 18-treated GKO

mice (Figure 10B). When we evaluated the composition of TILs,

we observed that even though the total leukocyte numbers were

similar between WT and GKO mice in steady-state and Th1

inflammatory conditions (Figure 10C), the total number of

infiltrating CD8+ T cells is highly diminished in GKO mice

(Figure 10D). More interestingly, the large proportion of TVM

cells observed in WT mice after IL-12+IL-18 treatment is not
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FIGURE 7

Effects of the systemic co-expression of IL-12 plus IL-18 on tumor growth on OT-I mice. OVAneg B16- bearing C57BL/6 WT and OT-I mice
were hydrodynamically injected (HI) with IL-12 plus IL-18 cDNA (12 + 18) or empty cDNA as the control. At the indicated times post-HI tumor
size was measured using a caliper. After 7 days post-HI mice were euthanized, and tumors were harvested and weighed using an analytical
scale. (A, B) B16 Tumor growth represented as tumor volume (in cm3) at specified days post-HI is shown (A) for each mouse individually or
(B) as an average (mean ± SEM) for each experimental group. (C) B16 tumor weight in grams is represented as mean ± SEM for each specified
experimental group. (D, E) B16 tumors from (D) control or (E) 12 + 18-treated OT-I mice were processed and stained for flow cytometry using
Zombie dye, anti-CD45, anti-CD8, anti-CD49d and OVA-tetramer. Dot plots represent the gating strategy used for analyzing the tumor
infiltration of CD8+ OVA+ cells from one representative animal from each group. Statistical analysis was performed using a two-way ANOVA
with Sidak’s multiple comparison test on (B) or a One-way ANOVA test (C). Values of *p<0.05, ***p<0.001, ****p<0.0001 were consider
significant. Values of ***, ****, wwww p<0.0001 y ####p<0.0001 on (B) represent the significant difference between control and 12 + 18 WT
mice (*), control and 12 + 18 OT-I mice (w) or between WT and OT-I control mice (#) respectively.
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seen in GKOmice as they exhibited similar values toWT control

mice (Figure 10E).
4 Discussion

In the field of cancer immunology, the role of CD8+ T cells

has been extensively addressed over the years. Solid tumors are
Frontiers in Immunology 12
usually infiltrated by different types of leukocytes and during the

last 20-30 years, accumulating evidence has suggested that there

is a positive correlation between tumor CD8+ T cells infiltration

and a better prognosis for cancer patients. Moreover, this

correlation is taken into account, both in the prognosis and in

the choice of treatment for most cancers. For example, in

colorectal cancer, Kirilovsky et al. have developed a prognostic

score (‘Immunoscore’) in the classification system that takes into
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FIGURE 8

Effects of IL-12 plus IL-18 systemic expression on CD8+ T cell that infiltrate KPC tumors on OT-I mice. OVAneg KPC- bearing C57BL/6 OT-I mice were
hydrodynamically injected (HI) with IL-12 plus IL-18 cDNA (12 + 18) or empty cDNA as the control. After 7 days post-HI mice were euthanized, and
tumors were harvested, weighed, fixed and included in a 5% agarose solution. Slides were made of 200µm using a Leica VT 1000S Vibratome and were
stained with anti-CD8 (red), anti-gp38 (green) for stroma detection, anti-EpCAM (blue) for detecting epithelial (tumoral) cells. Images were taken with a
DM500B upright microscope equipped with a SP5 confocal head (Leica). (A) KPC tumor weight at day 7 post-IH is shown from control or 12 + 18 OT-I
mice. (B) Graph representing percentages of tumor area infiltrated by CD8+ T cells in each experimental group. Figures represent tumors from (C, E, F)
control or (D, G, H) 12 + 18 mice, (C, D) reconstructing big tumor areas or (E-H) enlarging regions of interest with a 25x magnification. Statistical
analysis was performed by Student T test (A, B). Values of *p<0.05, ****p<0.0001 were consider significant.
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account the distribution of CD8+ cytotoxic T cells both in the

tumor core and in the invasive margins that include tumor,

lymph nodes and metastases (TNM) (22, 23).

Despite the clinical importance of the characterization of

leukocytes in human and mouse tumors, there is a lack of

information on the subtype of CD8+ T cells that infiltrate the

tumors. For many years, it was assumed they are CD8+ T cells

specific for Ags expressed by cancer cells. However, several

reports suggest that CD8+ T cells with innate cell markers, not

only infiltrate human and murine tumors, but also contribute to

their eradication through mechanisms that are Ag-independent

(11, 42, 43). Moreover, a recent review profoundly addresses the

composition of tumor infiltrating CD8+ T cells and presents

evidence demonstrating that a large fraction of human and

murine tumor-infiltrating T cells are cancer unrelated and are

designated as “bystanders T cells” (2). For example, Mognol et al.

showed that, transferred activated “cancer-ignorant CD8+ cells”
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infiltrated murine tumors at levels comparable to those of

cancer-specific CD8+ cells (44).

Comparative studies that simultaneously address TMEM and

TVM cell differences and similarities in the cancer environment

are rarely reported. Other than the work by Quinn et al. in

humans (45), there is a complete absence of such reports in

humans and the subject has only been approached by a few

laboratories utilizing mouse models (4, 34, 46). However, it is

important to note the work of Hussain et al. that presents a

comprehensive comparative review of various aspects of the

biology of both cell types (34). The appreciation of the role of

TVM cells as a first wave of immune protection, especially in

infectious diseases, has become more obvious over the years.

Moreover, the fact that TVM cells can exhibit cytotoxicity more

rapidly than naïve T cells, with similar kinetics and efficiencies of

TMEM cells (4, 45, 46), makes the investigation of TVM cells very

relevant in the cancer field.
A
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FIGURE 9

Effects of IL-12 plus IL-18 systemic expression on the behavior of tumor infiltrating CD8+ T cells from OT-I mice. OVAneg KPC- bearing C57BL/6
OT-I mice were hydrodynamically injected (HI) with IL-12 plus IL-18 cDNA (12 + 18) or empty cDNA as controls. After 7 days post-HI mice were
euthanized, and tumors were harvested. Tumors were immediately included in a 5% agarose solution. Slides were made of 200µm using a Leica
VT 1000S Vibratome and were stained with anti-CD8 (red), anti-gp38 (green) for stroma detection, anti-EpCAM (blue) for detecting epithelial
(tumoral) cells. Time lapse images were taken every 30 seconds for 20 minutes with a DM500B upright microscope equipped with a SP5
confocal head (Leica) and a 37°C thermostated chamber. (A) Graph shows the speed mean (microns/min) of each individual CD8+ T cell across
all the mice (left graph) or from each mouse individually (right graph) with the average speed corresponding to each experimental group (mean
± SEM). (B, C) Images selected from two representative movies obtained from (B) control or (C) 12 + 18 KPC tumors show the infiltrate and
distribution of CD8+ T cells. Statistical analysis was performed by Student T test with Mann-Whitney correction (left C). Values of ****p<0.0001
were consider significant.
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Even though TVM cells carry a functional TCR, these cells

exhibit particularly high responsiveness to cytokines including

IL-12, IL-18 and IL-15 as compared to specific Ag stimulation.

Moreover, both Ag-inexperienced (TVM) and Ag-experienced

(TMEM and TEFF) cells proliferate in response to IL-15 and upon

stimulation by IL-12 and IL-18 can elicit TCR independent

proliferation, cytokine production and bystander cytotoxicity (4,

9, 34, 47, 48).

Based on these reports and the significant lack of

information on the competitive role of TVM vs TMEM/TEFF

cells in cancer, we aimed to investigate the prevalence of TVM
Frontiers in Immunology 14
vs TMEM/TEFF cells in SLO from mice bearing early established

tumors, both in steady-state conditions and after systemic

expression of IL-12, IL-18 and IL-15.

In our models, mice bear either B16 or KPC tumors for no

longer than 8 to 10 days before cytokine induction. Moreover,

the rapid antitumor response observed as early as 4 days (and up

to 7 days) post-IL-12+IL-18 treatment leads us to speculate that

the composition of the CD44hiCD8+ T cell subset is a mix of TVM

cells (CD49dlo) and Ag-specific CD8+ T effector cells and

possibly early TMEM cells (CD49dhi). Thus, this provides us

with a model where these memory/activated cells co-exist.
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FIGURE 10

Effects of the systemic co-expression of IL-12 plus IL-18 on tumor growth on animals deficient on IFNg. B16- bearing C57BL/6 WT and IFNgKO
mice were hydrodynamically injected (HI) with IL-12 plus IL-18 cDNA (12 + 18) or empty cDNA as the control. At the indicated times post-HI
tumor size was measured using a caliper. After 7 days post-HI mice were euthanized, and tumors were harvested, weighed using an analytical
scale and processed for flow cytometry using a Zombie dye, anti-CD45, CD8, CD44, and CD49d. (A) B16 Tumor growth represented as tumor
volume (in cm3) at specified days post-HI is shown as an average (mean ± SEM) for each experimental group. (B) B16 tumor weight in grams is
represented as mean ± SEM for each specified experimental group. (C–E) Bar graphs represent the frequencies of (C) CD45+ infiltrating
leukocytes, (D) CD8+ cells, or (E) TVM and TMEM/TEFF frequencies among memory CD44hiCD8+ cells. Statistical analysis was performed using a
two-way ANOVA multiple comparison test with Sidak correction on (A), a Student T test (B), One-way ANOVA Test (C, E) or Brown-Forsythe
and Welch ANOVA test (D) as appropriate. Values of *p<0.05, **p<0.01, ***p<0.001, and xxx p<0.001 were consider significant and represent
the difference between control and 12 + 18 WT mice (*), or between 12 + 18 WT and IFNgKO mice (x), respectively. Ns, Not significant.
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As previously reported, the constitutive high expression of

IL-12R, IL-18R and CD122 situates TVM cells in an advantagous

position to rapidly respond to these cytokines (10, 49).

Unexpectedly, our data demonstrate that systemic induction of

IL-12+IL-18 (and IL-15) led to an enrichment of TMEM/TEFF

cells with high expression of CD122 in SLO while TVM cells

remained at similar numbers and phenotype as compared

to control mice. Even though we predicted the opposite

results would be found, our data are similar to what is

reported by Akue et al. The authors state that the frequency of

pre-existing TVM cells is stable in both steady-state conditions

and after a greatly expanded Ag-driven memory CD8+ T cell

immune response (47).

Another explanation for the prevalence of TMEM cells after

systemic IL-12+IL-18 expression could arise from the fact that

TVM cells in WT mice are a polyclonal population of memory-

like CD8+ T cells. As such, after contacting their cognate Ag,

these cells could convert to TEFF and TMEM cells as reported

during influenza and listeria infections (4, 15). In our tumor

models, the prevalence of TMEM cells after Th1 systemic

conditions could be the result of conversion of tumor-specific

T naïve (TN) cells plus tumor-specific TVM cells to a TEFF/TMEM

phenotype. To test this hypothesis, we performed similar

experiments utilizing non-RAG OT-I mice. In this model

system (Supplementary Figure 4), we increased the number of

TVM cells (non-specific for tumor Ags) while a remnant number

of polyclonal TMEM/TEFF are still present. Interestingly under

these conditions, after IL-12+IL-18 expression we observed a

significantly larger number of CD8+CD44hi T cells in OT-I mice

than what was observed in WT mice. This population was

mainly composed of TVM rather than TMEM/TEFF cells,

especially in the spleen. An interesting finding was that after

IL-12+IL-18 treatment, the levels of Eomes do not change

compared to the levels in control mice both in TVM and in

TMEM/TEFF cells. More surprisingly, in OT-I mice, Eomes levels

are significantly lower in TVM and TMEM/TEFF from spleen but

not in LNs as compared to WT mice. This is an unexpected

finding since it has been reported that Eomes is able to bind to

the il2rb promoter leading to increases in CD122 expression,

thus driving increased TVM cell sensitivity to IL-15 (6). This

result led us to assume that up-regulation of CD122 in TMEM/

TEFF cells after the cytokine treatment correlated with higher

Eomes expression in this population. However, other stimuli

could be responsible for CD122 up-regulation in TMEM cells as it

is reported that TCR signaling augments IL-2Rb expression via

both transcriptional and post-transcriptional regulation (50).

Interestingly, despite the higher proportion of TMEM/TEFF

than TVM cells in spleen and tumor-draining lymph nodes after

IL-12+IL-18 expression, this is not what is observed on

CD8+CD44hi T cells infiltrating the tumors. These cells show a

predominant presence of TVM cells after cytokine expression.

We could not determine if this effect is due to a preferential

migration of TVM cells to tumors under Th1 conditions or if the
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permanence/survival within tumors is favored by TVM cells over

TMEM/TEFF, similar to what has been reported by Miller et al.

with TN cells. Those authors demonstrated that when they co-

transferred polyclonal CD8 TN cells and polyclonal CD8 TVM

cells into TRAMP bearing mice, they found that donor TVM cells

constituted a substantial fraction of the tumor-infiltrating CD8+

T cells 4 months later (40).

The rapid antitumor immune response observed after systemic

expression of IL-12+IL-18 points out to innate effector mechanisms

rather than a TCR-mediated effect. The Ag-independent

mechanisms achieved by bystander CD8+ T cells might rely on

NKG2D-ligands recognition (10, 11), granzyme/perforin release

(15, 16) and high IFNg production (3, 12–14). The fact that B16

cells do not express ligands for NKG2D (51) may indicate that this

pathway is not involved in the control of B16 tumor growth.

Instead, rapid production of IFNg, driven by IL-12+IL-18 could

be responsible for the antitumor results observed in the

experimental settings described here. Interestingly, we found that

either IL-12 alone or IL-12+IL-18 systemic expression generated

almost a complete disappearance of NK cells at 7-10 days post-

treatment (25, 28) indicating that expression of IFNg can largely

arise from T cells. In this context we speculated that IFNg produced
by CD8+ T cells could be responsible for this early antitumor effect,

especially since previous reports have demonstrated that IFNg
participates in different stages of tumor growth control (24, 52,

53). In our laboratory, we have previously documented that high

expression of IFNg is systemically induced after IL-12 or IL-12+IL-

18 expression (27). Furthermore, there is a significantly higher

number of IFNg+CD8+ T cells infiltrating B16 and EL-4 tumors

after cytokine treatment compared to tumors from control mice

(25). Data presented in this work demonstrates that in the absence

of IFNg, the strong antitumor outcome observed after IL-12+IL-18

systemic expression is completely lost and this effect correlates with

a significantly lower presence of TVM cells in the tumors of IFNgKO
mice compared to WT mice.

As mentioned earlier, IFNg is able to induce different

antitumor mechanisms. For example, interferon-inducible

protein 10 (IP-10)-induced by IFNg can exert a potent anti-

angiogenic effect (53). Also, it is reported that IFNg produced

within tumors suppresses VEGFR3 expression by acting directly

on tumor vessel endothelial cells and on the tumor-infiltrating

lymphocytes to indirectly alter endothelial cells’ VEGFR3

expression (24). Consistent with this effect, previous work

from our laboratory has demonstrated a significant reduction

in the number of blood vessels present in B16 and EL-4 tumors

after systemic expression of IL-12 (25). Additionally, Dangaj et

al. , using murine and human experimental systems,

demonstrated that the initial recruitment of T cells to tumors

is driven by tumor-derived CCL5 along with IFNg-inducible
CXCR3 ligands secreted by myeloid cells present in the tumors

(54). Interestingly, not only do we report here that IFNg KO

mice show a reduced CD8+ T cell infiltration but we have also

demonstrated that IFNg is produced mainly by infiltrating CD8+
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T cells rather than by NK cells in B16 tumors after IL-12

systemic expression (25). Furthermore, our preliminary data

indicates higher CCR5 expression on CD8+ T cells infiltrating

B16 tumors from 12 + 18-treated mice, as compared to control

mice (unpublished data).

To further demonstrate the antitumor role of TVM cells, we

developed a model utilizing the KPC tumor cell line that shows

poor T cell infiltration. In this murine pancreatic tumor model,

most T cells are excluded (41). Moreover, contrary to most

murine tumor models, KPC tumors recapitulate the structure of

human cancers, with the presence of tumor islets surrounded by

stromal cells. By using OT-I mice, our study demonstrated that

CD8+ T cells (99-100% OVA-specific CD8+ T cells) not only

highly infiltrate KPC tumors but also preferentially localized in

the tumor islet after IL-12+IL-18 expression, contrary to the

control OT-I mice where most CD8+ cells are found in the

stromal areas. Consistent with our finding, Kantari-Mimoun et

al. have reported that activated CAR T cells triggered the up-

regulation of ICAM-1 on tumor cells in an IFNg-dependent
pathway that enabled T cell entry into tumor islets (52).

Based on this evidence from our and other laboratories, we

hypothesize that systemic IL-12+IL-18 is able to trigger, in turn,

expression of IL-15 and IFNg. This pro-inflammatory

environment could establish the perfect scenario for tumor

eradication by different Ag-independent mechanisms mediated

preferentially by IFNg-producing TVM cells. We speculate that in

these conditions, CCR5+TVM cells can preferentially migrate or

selectively persist in tumors and locally produce IFNg. The IFNg
could then stimulate an anti-angiogenic effect along with the

induction of adhesion molecules that permit the entry of T cells

into the tumor islet. Even though we have presented solid

evidence that tumor growth control is largely associated to the

prevalence of TVM cells in the tumor environment, the limitation

of this work is to exclusively point to TVM as the cells responsible

for this effect. Currently experiments in our laboratory are

focused on developing a more appropriate experimental

strategy to substantiate this hypothesis.

The control of tumor growth through Ag-independent

pathways is a topic of growing interest, especially considering

that several tumors lose the expression of MHC type I as an

immune evasion mechanism (55, 56). This loss of expression

makes the tumor less susceptible to Ag-specific lysis, but more

susceptible to innate control mechanisms such as the one exerted

by TVM cells. Furthermore, as proposed by White et al. and

Drobek et al., the TVM pool does not stochastically originate

from the naïve T cell repertoire; instead, it is derived from a

subset of naïve T cells that present a high affinity for self-ligands

(visualized in mice as T cells with high levels of CD5) (40, 57). In

this context, it is interesting to hypothesize that the continuous

low level of homeostatic TCR signaling could result as an

important signal for their anti-tumor responses. Accordingly,

OT-I T cells are reported to be relatively highly self-reactive (40,

57). Even though systemic IL-12+IL-18 is normally triggered in
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infectious diseases, their use as an antitumor treatment has been

difficult to accomplish, largely due to toxicity. However, type I

IFNs, IL-12, IL-15 and IL-18 are produced by activated antigen

presenting cells and other cell types that are often present in the

tumor microenvironment, thus suggesting that an innate

immune response may be important in the host anti-tumor

response (58, 59). Moreover, BATF3+ dendritic cells are

predominant producers of IL-15. Curiously, tumor-residing

BATF3+ dendritic cells have been shown to be required for T

cell trafficking (60) that can ultimately participate in the

recruitment of TVM cells to tumors due to high avidity of TVM

cells for IL-15. Based on this evidence, it could be possible that

alternative therapies, able to induce expression of these cytokine

in the tumor microenvironment, may become quite promising

for the direction of future therapeutic strategies.
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Córdoba (CICUAL-FCQ).
Author contributions

CS-F: Methodology, validation, formal analysis, investigation.

MV: Methodology, validation, formal analysis. NB: Methodology,

investigation. NL: Methodology, validation. QF: Methodology,

validation. HY: Conceptualization, original draft, review and

editing. LV: Methodology, validation, formal analysis. ED:

Conceptualization, investigation, funding acquisition. MR-G:

Conceptualization, methodology, investigation, supervision,

project administration, funding acquisition, writing. All authors

contributed to the article and approved the submitted version.
Funding

This work was supported by Secretaría de Ciencia y

Tecnología from Universidad Nacional de Córdoba (SECyT);

Agencia Nacional de Promoción Científica y Tecnológica

(ANPCyT); Fondo para la Investigación Científica y

Tecnológica (FONCyT); Fundación para el Progreso de la

Medicina and P-UE 22920160100116CO - CONICET. This
frontiersin.org

https://doi.org/10.3389/fimmu.2022.971001
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Savid-Frontera et al. 10.3389/fimmu.2022.971001
work was supported in part by the Intramural Research Program

of the Center for Cancer Research, National Cancer Institute

(NCI), Cancer Innovation Laboratory (CIL) USA, under grant

No. 1ZIABC009283-36. The views expressed in this article are

those of the authors and do not necessarily reflect the official

policy or position of the Department of Health and Human

Services, nor does mention of trade names, commercial

products, or organizations imply endorsement by the United

States Government.
Acknowledgments

The authors thank Diego Luti, Victoria Blanco, Cecilia

Noriega, Dr. Soledad Miro, Sergio Oms and Dr. Ivanna

Novotny, for animal care. Dr. Pilar Crespo and Dr. Paula

Abadie for FACS technical support. Dr. Laura Gatica, Lic.

Gabriela Furlan and Dr. Noelia Maldonado for cell culture

support and Paula Icely for overall experimental technical

assistance. We acknowledge the NIH Tetramer Core Facility

for provision of the PE and APC-labeled SIINFEKL/

Kb tetramers.
Frontiers in Immunology 17
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.
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.2022.971001/full#supplementary-material
References
1. Freeman BE, Hammarlund E, Raue HP, Slifka MK. Regulation of innate
CD8+ T-cell activation mediated by cytokines. Proc Natl Acad Sci U.S.A. (2012)
109(25):9971–6. doi: 10.1073/pnas.1203543109

2. Meier SL, Satpathy AT, Wells DK. Bystander T cells in cancer immunology
and therapy. Nat Cancer. (2022) 3(2):143–55. doi: 10.1038/s43018-022-00335-8

3. Haluszczak C, Akue AD, Hamilton SE, Johnson LD, Pujanauski L,
Teodorovic L, et al. The antigen-specific CD8+ T cell repertoire in unimmunized
mice includes memory phenotype cells bearing markers of homeostatic expansion.
J Exp Med (2009) 206(2):435–48. doi: 10.1084/jem.20081829

4. Lee JY, Hamilton SE, Akue AD, Hogquist KA, Jameson SC. Virtual memory
CD8 T cells display unique functional properties. Proc Natl Acad Sci U.S.A. (2013)
110(33):13498–503. doi: 10.1073/pnas.1307572110

5. Quinn KM, Hussain T, Kraus F, Formosa LE, Lam WK, Dagley MJ, et al.
Metabolic characteristics of CD8(+) T cell subsets in young and aged individuals
are not predictive of functionality. Nat Commun (2020) 11(1):2857. doi: 10.1038/
s41467-020-16633-7

6. Intlekofer AM, Takemoto N, Wherry EJ, Longworth SA, Northrup JT,
Palanivel VR, et al. Effector and memory CD8+ T cell fate coupled by T-bet and
eomesodermin. Nat Immunol (2005) 6(12):1236–44. doi: 10.1038/ni1268

7. Pearce EL, Mullen AC, Martins GA, Krawczyk CM, Hutchins AS, Zediak
VP, et al. Control of effector CD8+ T cell function by the transcription factor
eomesodermin. Science . (2003) 302(5647) :1041–3 . doi : 10 .1126/
science.1090148

8. White JT, Cross EW, Kedl RM. Antigen-inexperienced memory CD8(+) T
cells: where they come from and why we need them. Nat Rev Immunol (2017) 17
(6):391–400. doi: 10.1038/nri.2017.34

9. White JT, Cross EW, Burchill MA, Danhorn T, McCarter MD, Rosen HR,
et al. Virtual memory T cells develop and mediate bystander protective immunity
in an IL-15-dependent manner. Nat Commun (2016) 7:11291. doi: 10.1038/
ncomms11291

10. Chu T, Tyznik AJ, Roepke S, Berkley AM, Woodward-Davis A, Pattacini L,
et al. Bystander-activated memory CD8 T cells control early pathogen load in an
innate-like, NKG2D-dependent manner. Cell Rep (2013) 3(3):701–8. doi: 10.1016/
j.celrep.2013.02.020

11. Tietze JK, Wilkins DE, Sckisel GD, Bouchlaka MN, Alderson KL, Weiss JM,
et al. Delineation of antigen-specific and antigen-nonspecific CD8(+) memory T-
cell responses after cytokine-based cancer immunotherapy. Blood. (2012) 119
(13):3073–83. doi: 10.1182/blood-2011-07-369736

12. Moudra A, Niederlova V, Novotny J, Schmiedova L, Kubovciak J, Matejkova
T, et al. Phenotypic and clonal stability of antigen-inexperienced memory-like T
cells across the genetic background, hygienic status, and aging. J Immunol (2021)
206(9):2109–21. doi: 10.4049/jimmunol.2001028

13. Baez NS, Cerban F, Savid-Frontera C, Hodge DL, Tosello J, Acosta-
Rodriguez E, et al. Thymic expression of IL-4 and IL-15 after systemic
inflammatory or infectious Th1 disease processes induce the acquisition of
"innate" characteristics during CD8+ T cell development. PloS Pathog (2019) 15
(1):e1007456. doi: 10.1371/journal.ppat.1007456

14. Berg RE, Cordes CJ, Forman J. Contribution of CD8+ T cells to innate
immunity: IFN-gamma secretion induced by IL-12 and IL-18. Eur J Immunol
(2002) 32(10):2807–16. doi: 10.1002/1521-4141(2002010)32:10<2807::AID-
IMMU2807>3.0.CO;2-0

15. Lanzer KG, Cookenham T, Reiley WW, Blackman MA. Virtual memory cells
make a major contribution to the response of aged influenza-naive mice to influenza
virus infection. Immun Ageing. (2018) 15:17. doi: 10.1186/s12979-018-0122-y

16. Wang X, Waschke BC, Woolaver RA, Chen SMY, Chen Z, Wang JH. MHC
class I-independent activation of virtual memory CD8 T cells induced by
chemotherapeutic agent-treated cancer cells. Cell Mol Immunol (2021) 18
(3):723–34. doi: 10.1038/s41423-020-0463-2

17. Trinchieri G. Interleukin-12 and the regulation of innate resistance and
adaptive immunity. Nat Rev Immunol (2003) 3(2):133–46. doi: 10.1038/nri1001

18. Berg RE, Crossley E, Murray S, Forman J. Memory CD8+ T cells provide
innate immune protection against listeria monocytogenes in the absence of cognate
antigen. J Exp Med (2003) 198(10):1583–93. doi: 10.1084/jem.20031051

19. Lertmemongkolchai G, Cai G, Hunter CA, Bancroft GJ. Bystander
activation of CD8+ T cells contributes to the rapid production of IFN-gamma in
response to bacterial pathogens. J Immunol (2001) 166(2):1097–105. doi: 10.4049/
jimmunol.166.2.1097

20. Lee A, Park SP, Park CH, Kang BH, Park SH, Ha SJ, et al. IL-4 induced
innate CD8+ T cells control persistent viral infection. PloS Pathog (2015) 11(10):
e1005193. doi: 10.1371/journal.ppat.1005193

21. Sckisel GD, Tietze JK, Zamora AE, Hsiao HH, Priest SO, Wilkins DE, et al.
Influenza infection results in local expansion of memory CD8(+) T cells with
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2022.971001/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.971001/full#supplementary-material
https://doi.org/10.1073/pnas.1203543109
https://doi.org/10.1038/s43018-022-00335-8
https://doi.org/10.1084/jem.20081829
https://doi.org/10.1073/pnas.1307572110
https://doi.org/10.1038/s41467-020-16633-7
https://doi.org/10.1038/s41467-020-16633-7
https://doi.org/10.1038/ni1268
https://doi.org/10.1126/science.1090148
https://doi.org/10.1126/science.1090148
https://doi.org/10.1038/nri.2017.34
https://doi.org/10.1038/ncomms11291
https://doi.org/10.1038/ncomms11291
https://doi.org/10.1016/j.celrep.2013.02.020
https://doi.org/10.1016/j.celrep.2013.02.020
https://doi.org/10.1182/blood-2011-07-369736
https://doi.org/10.4049/jimmunol.2001028
https://doi.org/10.1371/journal.ppat.1007456
https://doi.org/10.1002/1521-4141(2002010)32:10%3C2807::AID-IMMU2807%3E3.0.CO;2-0
https://doi.org/10.1002/1521-4141(2002010)32:10%3C2807::AID-IMMU2807%3E3.0.CO;2-0
https://doi.org/10.1186/s12979-018-0122-y
https://doi.org/10.1038/s41423-020-0463-2
https://doi.org/10.1038/nri1001
https://doi.org/10.1084/jem.20031051
https://doi.org/10.4049/jimmunol.166.2.1097
https://doi.org/10.4049/jimmunol.166.2.1097
https://doi.org/10.1371/journal.ppat.1005193
https://doi.org/10.3389/fimmu.2022.971001
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Savid-Frontera et al. 10.3389/fimmu.2022.971001
antigen non-specific phenotype and function. Clin Exp Immunol (2014) 175(1):79–
91. doi: 10.1111/cei.12186

22. Anitei MG, Zeitoun G, Mlecnik B, Marliot F, Haicheur N, Todosi AM, et al.
Prognostic and predictive values of the immunoscore in patients with rectal cancer.
Clin Cancer Res (2014) 20(7):1891–9. doi: 10.1158/1078-0432.CCR-13-2830

23. Kirilovsky A, Marliot F, El Sissy C, Haicheur N, Galon J, Pages F. Rational
bases for the use of the immunoscore in routine clinical settings as a prognostic and
predictive biomarker in cancer patients. Int Immunol (2016) 28(8):373–82. doi:
10.1093/intimm/dxw021

24. Sorensen EW, Gerber SA, Frelinger JG, Lord EM. IL-12 suppresses vascular
endothelial growth factor receptor 3 expression on tumor vessels by two distinct
IFN-gamma-dependent mechanisms. J Immunol (2010) 184(4):1858–66. doi:
10.4049/jimmunol.0903210

25. Savid-Frontera C, VianoME, Baez NS, Reynolds D, MatellonM, AYH, et al.
Safety levels of systemic IL-12 induced by cDNA expression as a cancer therapeutic.
Immunotherapy. (2022) 14(2):115–33. doi: 10.2217/imt-2021-0080

26. Diefenbach A, Jamieson AM, Liu SD, Shastri N, Raulet DH. Ligands for the
murine NKG2D receptor: expression by tumor cells and activation of NK cells and
macrophages. Nat Immunol (2000) 1(2):119–26. doi: 10.1038/77793

27. Rodriguez-Galan MC, Reynolds D, Correa SG, Iribarren P, Watanabe M,
Young HA. Coexpression of IL-18 strongly attenuates IL-12-induced systemic
toxicity through a rapid induction of IL-10 without affecting its antitumor capacity.
J Immunol (2009) 183(1):740–8. doi: 10.4049/jimmunol.0804166

28. Barrios B, Baez NS, Reynolds D, Iribarren P, Cejas H, Young HA, et al.
Abrogation of TNFalpha production during cancer immunotherapy is crucial for
suppressing side effects due to the systemic expression of IL-12. PloS One (2014) 9
(2):e90116. doi: 10.1371/journal.pone.0090116

29. Hodge DL, Reynolds D, Cerban FM, Correa SG, Baez NS, Young HA, et al.
MCP-1/CCR2 interactions direct migration of peripheral b and T lymphocytes to
the thymus during acute infectious/inflammatory processes. Eur J Immunol (2012)
42(10):2644–54. doi: 10.1002/eji.201242408

30. Rodriguez-Galan MC, Bream JH, Farr A, Young HA. Synergistic effect of IL-
2, IL-12, and IL-18 on thymocyte apoptosis and Th1/Th2 cytokine expression.
J Immunol (2005) 174(5):2796–804. doi: 10.4049/jimmunol.174.5.2796

31. Salmon H, Franciszkiewicz K, Damotte D, Dieu-Nosjean MC, Validire P,
Trautmann A, et al. Matrix architecture defines the preferential localization and
migration of T cells into the stroma of human lung tumors. J Clin Invest. (2012) 122
(3):899–910. doi: 10.1172/JCI45817

32. Bougherara H, Mansuet-Lupo A, Alifano M, Ngo C, Damotte D, Le Frere-
Belda MA, et al. Real-time imaging of resident T cells in human lung and ovarian
carcinomas reveals how different tumor microenvironments control T lymphocyte
migration. Front Immunol (2015) 6:500. doi: 10.3389/fimmu.2015.00500

33. Liu F, Song Y, Liu D. Hydrodynamics-based transfection in animals by systemic
administration of plasmid DNA. Gene Ther (1999) 6(7):1258–66. doi: 10.1038/
sj.gt.3300947

34. Hussain T, Quinn KM. Similar but different: virtual memory CD8 T cells as a
memory-like cell population. Immunol Cell Biol (2019) 97(7):675–84. doi: 10.1111/
imcb.12277

35. Ashman RB, Vijayan D, Wells CA. IL-12 and related cytokines: function
and regulatory implications in candida albicans infection. Clin Dev Immunol
(2011) 2011:686597. doi: 10.1155/2011/686597

36. Cardillo F, Postol E, Nihei J, Aroeira LS, Nomizo A, Mengel J. B cells
modulate T cells so as to favour T helper type 1 and CD8+ T-cell responses in the
acute phase of trypanosoma cruzi infection. Immunology. (2007) 122(4):584–95.
doi: 10.1111/j.1365-2567.2007.02677.x

37. Romani L, Puccetti P, Bistoni F. Interleukin-12 in infectious diseases. Clin
Microbiol Rev (1997) 10(4):611–36. doi: 10.1128/CMR.10.4.611

38. Martinet V, Tonon S, Torres D, Azouz A, Nguyen M, Kohler A, et al. Type I
interferons regulate eomesodermin expression and the development of unconventional
memory CD8(+) T cells. Nat Commun (2015) 6:7089. doi: 10.1038/ncomms8089

39. Kurzweil V, LaRoche A, Oliver PM. Increased peripheral IL-4 leads to an
expanded virtual memory CD8+ population. J Immunol (2014) 192(12):5643–51.
doi: 10.4049/jimmunol.1301755

40. Miller CH, Klawon DEJ, Zeng S, Lee V, Socci ND, Savage PA. Eomes
identifies thymic precursors of self-specific memory-phenotype CD8(+) T cells.
Nat Immunol (2020) 21(5):567–77. doi: 10.1038/s41590-020-0653-1
Frontiers in Immunology 18
41. Bayne LJ, Beatty GL, Jhala N, Clark CE, Rhim AD, Stanger BZ, et al. Tumor-
derived granulocyte-macrophage colony-stimulating factor regulates myeloid
inflammation and T cell immunity in pancreatic cancer. Cancer Cell (2012) 21
(6):822–35. doi: 10.1016/j.ccr.2012.04.025

42. Hu J, Zhu S, Xia X, Zhang L, Kleinerman ES, Li S. CD8+T cell-specific
induction of NKG2D receptor by doxorubicin plus interleukin-12 and its
contribution to CD8+T cell accumulation in tumors. Mol Cancer. (2014) 13:34.
doi: 10.1186/1476-4598-13-34

43. Xu W, Jones M, Liu B, Zhu X, Johnson CB, Edwards AC, et al. Efficacy and
mechanism-of-action of a novel superagonist interleukin-15: Interleukin-15 receptor
alphaSu/Fc fusion complex in syngeneic murine models of multiple myeloma. Cancer
Res (2013) 73(10):3075–86. doi: 10.1158/0008-5472.CAN-12-2357

44. Mognol GP, Spreafico R, Wong V, Scott-Browne JP, Togher S, Hoffmann A,
et al. Exhaustion-associated regulatory regions in CD8(+) tumor-infiltrating T cells. Proc
Natl Acad Sci U S A. (2017) 114(13):E2776–E85. doi: 10.1073/pnas.1620498114

45. Quinn KM, Fox A, Harland KL, Russ BE, Li J, Nguyen THO, et al. Age-
related decline in primary CD8(+) T cell responses is associated with the
development of senescence in virtual memory CD8(+) T cells. Cell Rep (2018) 23
(12):3512–24. doi: 10.1016/j.celrep.2018.05.057

46. Renkema KR, Li G, Wu A, Smithey MJ, Nikolich-Zugich J. Two separate
defects affecting true naive or virtual memory T cell precursors combine to reduce
naive T cell responses with aging. J Immunol (2014) 192(1):151–9. doi: 10.4049/
jimmunol.1301453

47. Akue AD, Lee JY, Jameson SC. Derivation and maintenance of virtual memory
CD8 T cells. J Immunol (2012) 188(6):2516–23. doi: 10.4049/jimmunol.1102213

48. Yoshimoto T, Takeda K, Tanaka T, Ohkusu K, Kashiwamura S, Okamura H,
et al. IL-12 up-regulates IL-18 receptor expression on T cells, Th1 cells, and b cells:
synergism with IL-18 for IFN-gamma production. J Immunol (1998) 161
(7):3400–7.

49. Tripathi P, Morris SC, Perkins C, Sholl A, Finkelman FD, Hildeman DA. IL-
4 and IL-15 promotion of virtual memory CD8(+) T cells is determined by genetic
background. Eur J Immunol (2016) 46(10):2333–9. doi: 10.1002/eji.201646404

50. Kim HP, Imbert J, Leonard WJ. Both integrated and differential regulation
of components of the IL-2/IL-2 receptor system. Cytokine Growth Factor Rev
(2006) 17(5):349–66. doi: 10.1016/j.cytogfr.2006.07.003

51. Diefenbach A, Jensen ER, Jamieson AM, Raulet DH. Rae1 and H60 ligands
of the NKG2D receptor stimulate tumour immunity. Nature. (2001) 413
(6852):165–71. doi: 10.1038/35093109

52. Kantari-Mimoun C, Barrin S, Vimeux L, Haghiri S, Gervais C, Joaquina S,
et al. CAR T-cell entry into tumor islets is a two-step process dependent on
IFNgamma and ICAM-1. Cancer Immunol Res (2021) 9(12):1425–38. doi: 10.1158/
2326-6066.CIR-20-0837

53. Sgadari C, Angiolillo AL, Tosato G. Inhibition of angiogenesis by
interleukin-12 is mediated by the interferon-inducible protein 10. Blood. (1996)
87(9):3877–82. doi: 10.1182/blood.V87.9.3877.bloodjournal8793877

54. Dangaj D, Bruand M, Grimm AJ, Ronet C, Barras D, Duttagupta PA, et al.
Cooperation between constitutive and inducible chemokines enables T cell
engraftment and immune attack in solid tumors. Cancer Cell (2019) 35(6):885–
900 e10. doi: 10.1016/j.ccell.2019.05.004

55. Garrido F, Cabrera T, Aptsiauri N. "Hard" and "soft" lesions underlying the
HLA class I alterations in cancer cells: implications for immunotherapy. Int J
Cancer. (2010) 127(2):249–56. doi: 10.1002/ijc.25270

56. Challa-Malladi M, Lieu YK, Califano O, Holmes AB, Bhagat G, Murty VV,
et al. Combined genetic inactivation of beta2-microglobulin and CD58 reveals
frequent escape from immune recognition in diffuse large b cell lymphoma. Cancer
Cell (2011) 20(6):728–40. doi: 10.1016/j.ccr.2011.11.006

57. Drobek A, Moudra A, Mueller D, Huranova M, Horkova V, Pribikova M, et al.
Strong homeostatic TCR signals induce formation of self-tolerant virtual memory CD8
T cells. EMBO J (2018) 37(14):e98518. doi: 10.15252/embj.201798518

58. Lippitz BE. Cytokine patterns in patients with cancer: a systematic review.
Lancet Oncol (2013) 14(6):e218–28. doi: 10.1016/S1470-2045(12)70582-X

59. Zitvogel L, Galluzzi L, Kepp O, Smyth MJ, Kroemer G. Type I interferons in
anticancer immunity. Nat Rev Immunol (2015) 15(7):405–14. doi: 10.1038/nri3845

60. Spranger S, Dai D, Horton B, Gajewski TF. Tumor-residing Batf3 dendritic
cells are required for effector T cell trafficking and adoptive T cell therapy. Cancer
Cell (2017) 31(5):711–23 e4. doi: 10.1016/j.ccell.2017.04.003
frontiersin.org

https://doi.org/10.1111/cei.12186
https://doi.org/10.1158/1078-0432.CCR-13-2830
https://doi.org/10.1093/intimm/dxw021
https://doi.org/10.4049/jimmunol.0903210
https://doi.org/10.2217/imt-2021-0080
https://doi.org/10.1038/77793
https://doi.org/10.4049/jimmunol.0804166
https://doi.org/10.1371/journal.pone.0090116
https://doi.org/10.1002/eji.201242408
https://doi.org/10.4049/jimmunol.174.5.2796
https://doi.org/10.1172/JCI45817
https://doi.org/10.3389/fimmu.2015.00500
https://doi.org/10.1038/sj.gt.3300947
https://doi.org/10.1038/sj.gt.3300947
https://doi.org/10.1111/imcb.12277
https://doi.org/10.1111/imcb.12277
https://doi.org/10.1155/2011/686597
https://doi.org/10.1111/j.1365-2567.2007.02677.x
https://doi.org/10.1128/CMR.10.4.611
https://doi.org/10.1038/ncomms8089
https://doi.org/10.4049/jimmunol.1301755
https://doi.org/10.1038/s41590-020-0653-1
https://doi.org/10.1016/j.ccr.2012.04.025
https://doi.org/10.1186/1476-4598-13-34
https://doi.org/10.1158/0008-5472.CAN-12-2357
https://doi.org/10.1073/pnas.1620498114
https://doi.org/10.1016/j.celrep.2018.05.057
https://doi.org/10.4049/jimmunol.1301453
https://doi.org/10.4049/jimmunol.1301453
https://doi.org/10.4049/jimmunol.1102213
https://doi.org/10.1002/eji.201646404
https://doi.org/10.1016/j.cytogfr.2006.07.003
https://doi.org/10.1038/35093109
https://doi.org/10.1158/2326-6066.CIR-20-0837
https://doi.org/10.1158/2326-6066.CIR-20-0837
https://doi.org/10.1182/blood.V87.9.3877.bloodjournal8793877
https://doi.org/10.1016/j.ccell.2019.05.004
https://doi.org/10.1002/ijc.25270
https://doi.org/10.1016/j.ccr.2011.11.006
https://doi.org/10.15252/embj.201798518
https://doi.org/10.1016/S1470-2045(12)70582-X
https://doi.org/10.1038/nri3845
https://doi.org/10.1016/j.ccell.2017.04.003
https://doi.org/10.3389/fimmu.2022.971001
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Exploring the immunomodulatory role of virtual memory CD8+ T cells: Role of IFN gamma in tumor growth control
	1 Introduction
	2 Material and methods
	2.1 Mice
	2.2 Cell lines
	2.3 Hydrodynamic cDNA injections
	2.4 In vivo tumor models
	2.5 Tissue processing
	2.6 Flow cytometry
	2.7 Tumor slice imaging
	2.8 Image data analysis
	2.9 Statistical analysis

	3 Results
	3.1 Antitumor effect of systemic IL-12+IL-18 expression
	3.2 Effects of systemic IL-12+IL-18 expression on CD8+ T cells in SLO and tumors
	3.2.1 Alterations in SLO
	3.2.2 Alterations in tumors

	3.3 Systemic IL-12 and IL-18 expression impacts the number and phenotype of TVM and TMEM/TEFF cells but not the antitumor capacity in IL-4KO and IFNAR KO mice
	3.4 Enrichment of TVM cells by using OT-I mice
	3.4.1 The TVM cells vs TMEM/TEFF cells balance in SLO of WT and OT-I mice
	3.4.2 High and similar antitumor capacity of OT-I and WT mice after systemic expression of IL-12 and IL-18

	3.5 The antitumor effect of systemic IL-12+IL-18 is mainly mediated by IFN&gamma; production

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


