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Abstract

Patchy infiltration of tumors by cytotoxic T cells (CTLs) predicts poorer prognosis for cancer patients. The factors limiting
intratumoral CTL dissemination, though, are poorly understood. To study CTL dissemination in tumors, we histologically
examined human melanoma samples and used mice to image B16-OVA tumors infiltrated by OT-I1 CTLs using intravital
two-photon microscopy. In patients, most CTLs concentrated around peripheral blood vessels, especially in poorly infiltrated
tumors. In mice, OT-I CTLs had to cluster around tumor cells to efficiently kill them in a contact-and perforin-dependent
manner and cytotoxicity was strictly antigen-specific. OT-I CTLs as well as non-specific CTLs concentrated around peripheral
vessels, and cleared the tumor cells around them. This was also the case when CTLs were injected directly into the tumors.
CTLs crawled rapidly only in areas within 50 pm of flowing blood vessels and transient occlusion of vessels immediately,
though reversibly, stopped their migration. In vitro, oxygen depletion and blockade of oxidative phosphorylation also reduced
CTL motility. Taken together, these results suggest that hypoxia limits CTL migration away from blood vessels, providing
immune-privileged niches for tumor cells to survive. Normalizing intratumoral vasculature may thus synergize with tumor
immunotherapy.
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Abbreviations FasL. Fas ligand
ALP-red Alkaline phosphatase red FCCP Carbonyl cyanide-4-(trifluoromethoxy)
CFP Cyan fluorescent protein phenylhydrazone
DAB 3,3'-Diaminobenzidine HIF-lo  Hypoxia inducible factor 1 a
DIC Differential interference contrast IRES Internal ribosome entry site
FAS First apoptosis signal
Introduction

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s00262-019-02361-5) contains

supplementary material, which is available to authorized users. Cytotoxic T lymphocytes (CTLs) have long been recognized

to be pivotal in limiting the development of immunogenic
tumors. These cells can reject tumors when transferred to
model animals [1], they recognize tumor-associated antigens
in patients [2], and their presence within many tumors is
a positive prognostic sign [3]. In accordance, in success-
ful immunotherapies such as anti-CTLA4 and anti-PD-1,
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CTLs emerge as key effector cells [4], as clonal anti-tumor
CD8 immune response and vigorous infiltration of tumors
[5] predict tumor responsiveness.

CTLs can directly kill their antigen-specific targets
by delivering cytolytic granules containing perforin and
granzymes to their membranes [6], or by activating death
receptors such as first apoptosis signal (FAS) [7], in both
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cases usually triggering apoptotic cell death [8, 9]. CTLs
can also induce tumor rejection indirectly, by releas-
ing cytokines such as IFN-y which recruit innate effec-
tor cells into the tumor [9, 10]. In such cases, bystander
tumor cells, which do not present relevant antigens, can
also be eliminated.

Going beyond the long-established predictive value of
total numbers of infiltrating CTLs, later analyses have
also examined their location within tumors. Favorable
prognosis has been associated with more homogenous
CTL distribution [11, 12]. It was not shown; however,
how restricted distribution prevents tumor clearance and
it remains unclear what factors limit CTL spread.

A likely environmental factor influencing intratumoral
distribution of CTLs is the pattern and integrity of the
blood vessels through which they enter the tumor. It has
been reported that CD8 T cells tend to remain close to
blood vessels [13] and a clinical study [12] confirmed the
prognostic value of total CD8 T-cell counts in tumors and
observed that a small minority of patients (~8%) whose
CD45* leucocyte infiltrate extended through the tumors
enjoyed a much better prognosis than patients whose leu-
cocytes remained close to blood vessels (~60% vs. ~30%
survival at 60 months). It is still unclear why the leuco-
cytes stayed in the perivascular areas in most patients.

An attractive possibility is that hypoxia, prevalent in
avascular tumor areas, plays a role. Indeed, many tumors
contain hypoxic pockets because of inadequate vasculari-
zation, and lower intratumoral oxygen pressure is often
a negative prognostic factor [14, 15]. Correspondingly,
T-cell motility was shown to depend on high oxygen lev-
els [16], as CD8 T cells can sense hypoxia through signal-
ing pathways such hypoxia inducible factor 1 o (HIF-1a),
and may be limited in their capacity to utilize glycolysis
in the absence of oxygen [17]. Most revealingly, a recent
study showed that intratumoral T cells avoid hypoxic
tumor areas and that exposing mice to constantly high
oxygen levels encourage intratumoral accumulation of
CDS8 T cells and greatly improve tumor rejection [18].
Taken together, these findings suggest that hypoxia may
hinder CTL dissemination throughout tumors, worsening
prognosis.

A powerful method to study the motility of CTLs
within tumors is intravital two-photon microscopy [19].
Studies utilizing it have found that T cells can crawl at
high speeds within tumors [20, 21], sometimes along
blood vessels [22], but have not examined the influence
of vascularity and rarely recorded instances of tumor cell
killing [21].

Here, we examine histological data from clinical mel-
anoma samples and dynamic data from a mouse tumor
model to evaluate the causes and consequences of limited
CTL distribution in tumors.
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Materials and methods
Patients

Tumor samples were from 16 untreated patients diagnosed
with melanoma who were awaiting immunotherapy at the
Ella Institute at the Sheba Medical Center in Ramat Gan,
Israel. The patients’ mean age was 55.3, 10 were male, and
6 were female. Cutaneous melanoma lesions, representing
early metastases, had been surgically removed from patients
and their frozen samples were available at the archives of the
Department of Pathology at Sheba.

Immunostaining of human melanoma samples

Formalin-fixed, paraffin-embedded tumor tissue sections
were prepared at 4 um thickness and had a mean diameter
of 5.5 mm. Sections were warmed up to 60 °C for 1 h, de-
paraffinized in xylene, and rehydrated. The CD8 and CD31
double immunostaining was calibrated on a Benchmark
XT staining module (Ventana Medical Systems Inc.). The
slides were then processed in a fully automated protocol
[23] and a cell conditioning 1 (CC1) Standard Benchmark
XT pretreatment for antigen retrieval was selected. Samples
were incubated for 44 min at 37 °C with anti-CD8 (recom-
binant monoclonal antibody 012, Diagnostic BioSystems)
and anti-CD31 (M0823, Dako), both diluted 1:25. Detection
was performed first with 3,3'-diaminobenzidine (DAB) for
anti-CD31 and then with alkaline phosphatase red (ALP-
red) for anti-CD8; both using ultraView Universal Detec-
tion kits. Counterstaining was performed with hematoxy-
lin. After staining, slides were dehydrated in 70%, 95%, and
100% ethanol for 1 min each, cleared in xylene for 1 min,
and mounted with Entellan. Reagents for sample preparation
were from Ventana.

Histological image analysis

Double-stained sections were viewed with a light micro-
scope at a magnification of 400X and analyzed. Suitable
digital images were captured using bright-field digital slide
scanner (3DHISTECH Ltd,) with the Panoramic Viewer
software at 0.33 um/pixel. Analysis was carried out using
the ImageJ software (version 1.38). DAB and ALP-red stain-
ing was separated using color deconvolution, and CD31"
blood vessels and CD8* cells were segmented accord-
ingly (Fig. S1). To define perivascular areas around dense
concentrations of CD31, we used a blurring convolution
matrix on CD31% pixels, followed by thresholding. To esti-
mate the number of CD8" cells, the total CD8* area was
divided by the average measured cross-sectional area of a
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CDS8™ cell. CD8* cell densities in vascular and avascular
areas were calculated for their respective areas (Fig. S1).
To study the regional distribution of CD8™ cells, we defined
the outermost area of each tumor section as “peripheral”
(Fig. S1F), and compared the concentrations of CD8* cells
around peripheral and central blood vessels. The cross-
sectional areas (A) and CD8* T-cell counts (C) of vas-
cular regions (v) including peripheral vascular (pv), and
deep vascular (dv) regions, and of avascular (av) and total
(¢) regions, were determined (Table S1). These measure-
ments were used to calculate the CD8* cell densities (D)
in each area: (Dv = Cv/Av, Dpv = Cpv/Apv, Ddv = Cdv/Adyv,
Dav = Cav/Aav, Dt= Ct/At). The relative CD8™ cell densities
(Fig. 1d) were calculated for each region as Dpv/Dt, Ddv/Dt,
and Dav/Dt). The ratio of CD8™ cell densities in vascular
and avascular areas (Dv/Dav) and the log10 of total CD8"
cell density (Dr) were calculated, as shown in Fig. le.

Mouse strains

C57BL/6 mice and several transgenic mouse strains were
used. These were: mice expressing cyan fluorescent protein
(CFP) under the B-actin promoter [B6.129(ICR)-Tg(ACTB-
ECFP)CK6Nagy/J], mice expressing GFP under the human
ubiquitin C promoter [C57BL/6-Tg(UBC-EGFP)30Scha/l],
and TCR-transgenic OT-I mice, whose TCR recognized the
peptide SIINFEKL from the OVA protein presented on H2 X°
MHC-I molecules [C57BL/6-Tg(TcraTcrb)1100Mjb/J], and
mice deficient in Fas Ligand (FasL) or in perforin, thor-
oughly backcrossed to the C57BL/6 [24], were crossed with
TCR-transgenic OT-I mice to create OT-I FasL ™'~ and OT-I
Perforin™~ mice.

Tumor cells

Cells from the B16a melanoma line [25], which are slow to
express melanin in vivo, were retrovirally transduced with
a plasmid provided by the Forchheimer repository at the
Weizmann Institute. OVA-IRES-tdTomato and the control
tdTomatto constructs were expressed on the pPBABE PURO
retroviral vector, and the OVA-IRES-GFP constructs were
expressed on the retroviral pMMP plasmid. Cells were
sorted using a FACS Aria (Becton—Dickinson) for high fluo-
rescence. After 4-6 sorting and culturing cycles, cells were
grown in limiting dilution conditions and single clones were
selected, aliquoted, and frozen.

Tumor inoculation and follow-up

Two million tumor cells were re-suspended in 60 pl of PBS
and injected intradermally into the footpad or to the flank
skin. A caliper was used to measure the thickness of the
footpad or to measure the width and length of the tumor,

and tumor areas were calculated by multiplying those
measurements.

T-cell culture and adoptive transfer

GFP or CFP-labeled splenocytes from wild-type or OT-I
mice were harvested from the spleen and LNs. To isolate
polyclonal CD8 T cells, wild-type splenocytes were sorted
with an EasySep™ CDS8 negative magnetic isolation kit
(STEMCELL technologies). To produce Ag-specific CTLs,
OT-I cells were incubated in RPMI containing the SIIN-
FEKL peptide (50 pg/ml) for 2 h, re-suspended in complete
RPMI medium, and 3 days later purged of dead cells using
ficoll gradient centrifugation. Cells were further cultured
in complete RPMI medium supplemented with recombi-
nant human IL-2 (100 U/ml). In some experiments, both
polyclonal and OT-I cells were magnetically sorted as
above, activated on tissue culture dishes coated with 1 pg/
ml anti-CD3 (clone 145-2C11) and 3 pg/ml anti-CD28
(clone 37.51), both from BioLegend and further cultured as
above. Finally, cultured cells were washed twice in PBS and
injected i.v. or intra-tumorally to recipient mice.

Fluorescence-based in vitro killing assay

Fluorescent target cells were plated for 4 h and then incu-
bated for 4, 12, or 24 h with in vitro-generated OT-I CTLs
at effector-to-target ratios ranging from 1:2 to 8:1. Loss of
the fluorescent content was used to determine target cell
death [26]. After incubation, non-adherent CTLs and dead
target cells were washed away with PBS free of Ca™ and
Mg**. The fluorescence of the remaining live target cells
was quantified using a Typhoon-9410 laser flatbed scanner
(GE healthcare). Fluorescence reading was focused 3 um
above the plate surface. The percentage of specific lysis was
calculated as 100 X (C — X)/C, where C is fluorescence in the
CTL-free condition and X is fluorescence in the presence
of CTLs.

Preparation of mice for intravital imaging

Mice with tumors ranging between 16 and 36 mm? in size
were anesthetized with 100 mg/kg ketamine 4+ 15 mg/kg
xylazine 4+ 2.5 mg/kg acepromazine, supplemented hourly
with half this dose. Mice were placed on a warmed stage and
kept at a core temperature of 37 °C. A skin flap was sepa-
rated from the abdominal muscle to expose the intradermal
tumor which was then covered with a glass-bottom imaging
chamber. For vascular imaging, mice were retro-orbitally
injected with 2.5 ul of 2 uM Q-tracker 655 quantum dots
(Life Science Technologies).
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Fig.1 CD8" cells in melanoma A
patients aggregate around
peripheral blood vessels. a
Immunohistochemical sec-
tions of a human melanoma
metastasis shown at increasing
magnification. Clusters of pink
CD8™ cells (mostly T cells) are
enriched in brown CD31* cells
(predominantly blood endothe-
lial cells). b, ¢ After staining,
complete sections were scanned
at high resolution, CD8™*

cells and blood vessels were
automatically identified using
color deconvolution, and their
location was recorded (Figure
S1). Shown are density maps of
blood vessels (red) and CD8™
cells (blue) from five individu-
als, demonstrating co-localiza-
tion. d CD8" cells aggregated
preferentially around peripheral
blood vessels: comparison of
relative CD8™ cell densities
around peripheral vessels, deep
vessels and in avascular areas
(see “Materials and methods”
and Fig. S1). Individual patients
are shown. CD8" cell density in
vascular areas was three times
higher than in avascular areas
(p<0.03), whereas cell density
around peripheral vessels was
more than two times higher than
around deep vessels (p <0.04),
see also Table S1. e The degree
of tumor infiltration by CD8*
cells is inversely related to the
homogeneity of their distribu-
tion. The ratio of CD8" cell
densities in vascular and avascu-
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Live 2-photon microscopy of melanoma tumors 470-510 nm to detect collagen fibers and CFP; 500-550 nm

to detect GFP and CFP; 570-620 nm to detect tdTomato;
We used an Ultima™ Multiphoton Microscope (Prairie  and 620-680 nm to detect 655 quantum dots. Thus, CFP*
Technologies) incorporating a pulsed Mai Tai™ Ti—sapphire ~ cells were detected in the first two channels. The laser was
laser (Newport Corp., CA). Four optical channels were used: ~ tuned to 890-910 nm to simultaneously excite CFP, GFP,
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tdTomato, and quantum dots. A water-immersed 20X (NA
0.95) or 40X objective (NA 0.8) from Olympus was used.
The second harmonic signal produced by collagen fibers was
detected with the laser tuned to 910 nm. To create a time-
lapse sequence, a 150-pm-thick volume of the tumor was
typically scanned at 5-6 pm Z-steps every 50 or 100 s. To
assess the effect of blood flow on CTL motility in tumors,
mice were imaged for 30 min to determine baseline motility.
All visible blood vessels feeding into the tumors were then
cauterized, resulting in a marked slowdown of blood flow.
Imaging was resumed immediately for additional 30 min.

Assessing hypoxia in mouse melanoma samples

Tumor-bearing mice were injected with 60 mg/kg pimoni-
dazole (1-[(2-hydroxy-3-piperdinyl)propyl]-2-nitroimidazole
hydrochloride) (hypoxyprobe). Thirty minutes later, mice
were sacrificed and tumors were excised and fixed with 2%
paraformaldehyde. Fixed subcutaneous tumors were embed-
ded in paraffin and sectioned at 4 um. Following rehydration
in xylene, 70%, 90%, and 100% ethanol, slides underwent
peroxidase blocking with 3% hydrogen peroxidase, and then
boiled in 0.1 M citric acid for antigen retrieval. Sequen-
tial slides were blocked by BSA and incubated with 1:100
rabbit anti mouse GFP or 1:100 PAb2627 rabbit antisera
containing hypoxyprobe mAb. Following incubation with
primary antibodies, slides were incubated with biotinylated
anti-rat or anti-rabbit antibodies. Detection was performed
with streptavidin-conjugated DAB antibodies. After stain-
ing, slides were dehydrated in 70%, 90%, and 100% ethanol
for 1 min each, cleared in xylene for 1 min, and mounted
with Entellan.

To quantify cell densities, consecutive GFP, and hypoxy-
probe-stained tumor sections were digitally aligned, the
tumor was demarcated for hypoxic and normoxic areas based
on hypoxyprobe staining, the number GFP™ cells in each
area was calculated by dividing the GFP* area by the aver-
age cell area, and their density was determined by dividing
this number by the total relevant area.

In vitro live cell imaging

For the in vitro migration assay, OT-I CTLs were re-sus-
pended in complete RPMI medium at 2.5 10° cells/ml and
seeded on a 35 mm glass-bottom dish (MatTek corporation)
coated with 1 mg/ml fibronectin. Cellular motility was visu-
alized in regular medium, medium with 1.5 pM carbonyl
cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP),
or oxygen-depleted medium (cultured overnight and main-
tained through the experiment at 1% oxygen, 5% CO, and
94% nitrogen). Images were taken at 15 s intervals using
differential interference contrast (DIC) microscopy and
fluorescence microscopy on a Nikon Eclipse Ti inverted

spinning-disk confocal microscope with a 20X air objective
and acquired using the Andor iQ software.

Quantification of cell density and motility

The movement and distribution of CTLs were analyzed
using the Volocity® software (PrekinElmer). Average veloci-
ties along the cell tracks were used to calculate three-dimen-
sional velocity in vivo or two-dimensional velocity in vitro.
The densities of cells in the perivascular and avascular tumor
areas were calculated by automatically counting cells located
within or beyond 50 pm of blood vessels and dividing these
figures by the respective areas.

Statistical analysis

Tumor growth curves were compared based on the mean
slope starting at the first day after CTL transfer [27]. Sim-
ple comparisons were made using a two-tailed Student’s ¢
test and multiple comparisons were performed by one-way
ANOVA followed by the Bonferroni post hoc tests for multi-
ple planned comparisons or the Dunnett test in comparisons
with a control condition. Significance was set at p <0.05.
Data in figures are shown as mean + SEM.

Results

In human melanoma samples, CD8"* cells
concentrate around peripheral blood vessels

The previous research has anecdotally observed that the pat-
tern of infiltration of CD8 T cells into melanoma tumors
can be heterogeneous. We quantified this phenomenon in
melanoma tumor sections. We examined 16 subcutaneous
metastases from stage-1V patients. Full cross sections were
co-stained for CD8 and CD31 to show the relative distribu-
tion of endogenous CD8* cells and blood vessels (Fig. 1a)
and then scanned and analyzed. Although some human NK
cells (but not DCs) dimly express CDS§ [28], they are typi-
cally outnumbered more than 30-fold by CD8 T cells [12],
and thus, the latter cells likely represent the bulk of our enu-
merated population.

Tumors were variably infiltrated by CD8* cells that exhib-
ited lymphocyte morphology, producing cell densities rang-
ing from 5 to ~2150 cells/mm? (Fig. 1b, Table S1). Unless
CDS8* cell infiltration was massive, the cells distributed
unevenly, creating discrete infiltration foci within tumors.
CD8* cell infiltration seemed to occur mostly around CD31*
blood vessels, particularly peripheral ones (Fig. 1c).

We used an automated procedure (Fig. S1) to quantify
this phenomenon (Fig. 1d). The density of CD8* cells in
vascular areas was three times higher than in avascular areas,
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while cell density around peripheral vessels (defined as in
Fig. S1f) was more than two times higher than around deep
vessels. Noticeably, in tumors invaded by more CD8* cells,
cellular distribution was more homogenous, as the degree of
infiltration was inversely correlated with vascular preference
(Fig. le). Perhaps, CD8* T begin to breach the perivascu-
lar confinement only when they accumulate in the tumor in
larger numbers.

Establishing a model for intratumoral CTL killing

We established a murine model based on in vitro-activated
fluorescent OT-I CTLs that eliminate fluorescent B16-OVA
tumor cells. From the B16a tumor line, which expresses
low levels of melanin [25], we produced lines transgenic
for OVA-GFP or OVA-tdTomato as well as control lines
that express the fluorescent reporters alone. As expected,
OVA-expressing lines were specifically killed by OT-I CTLs
in vitro (Fig. S2a), and formed tumors when injected intra-
dermally. Such tumors could be rejected following adoptive
transfer of OT-I CTLs (Fig. S2b). To better mimic real-life
therapeutic situations and to challenge the CTLs with non-
trivial rejection conditions, reasonable numbers of CTLs
were transferred only after the tumors had already been well-
established. This would prevent a ceiling effect and allow
detection of subtler differences in CTL efficiency.

CTLs enter the tumor through specific blood vessels,
accumulate in perivascular areas, and clear them
from tumor cells

Intravital two-photon microscopy allowed us to follow the
motility of CTLs and their interaction with tumor cells in
relation to blood vessels. Mice were intradermally inocu-
lated with 2 x 10°® B16-OVA-GFP tumor cells in the flank,
intravenously injected with 2 x 107 CFP™ OT-1 CTLs 7 days
later and imaged 2 days later. A pattern similar to human
melanoma tumors could be observed (Fig. 2a). Although
the infiltration of CTLs was sizeable, they clustered mainly
around blood vessels, yielding a threefold higher density of
CTLs in the perivascular areas (defined as 50 um around
blood vessels) than in avascular areas (1644 vs. 528 cells/
mmz). The distribution of tumor cells, in contrast, was
homogenous (369 vs. 374 cells/mm?). As a result, the
median distance of OT-I CTLs to the nearest blood vessel
was half that of B16-OVA tumor cells (18.27 vs. 36.04 pm)
(Fig. 2b).

CTLs could be watched extravasating out of peripheral
blood vessels (Movie S1) and forming perivascular infil-
trates consisting of motile cells (Movie S2). The density of
CTLs varied considerably, with specific (likely inflamed)
vessels attracting the majority of cells (Fig. 2¢). One
day later, the initial infiltrates had merged to form larger
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perivascular swarms, whose local CTL densities reached
250,000 cells/mm?® (Movie S3). Observing the margin of
the CTL swarms, two areas could be discerned (Fig. 2d,
Movie S4). In the perivascular area, CTLs were numerous
and fewer tumor cells could be observed. At the margin of
this area, CTLs could be detected clustering around dying
tumor cells. In the avascular area, fewer CTLs were pre-
sent and tumor cells appeared intact. This observation sug-
gests that large numbers of T cells need to directly attack
B16 cells to kill them, a situation that does not occur in
avascular tumor areas.

For efficient tumor clearance, multiple CTLs need
to directly contact Ag-specific target cells

To assess whether perivascular CTLs’ distribution actually
hinders tumor rejection, we followed the behavior and activ-
ity of CTLs as they traveled through the tumor. Less than
10% of the analyzed CTLs formed stable (longer than 4 min)
conjugates with tumor cells. The killing of target cells
(Fig. 3a, Movies S4-S6) was recorded based on membrane
blebbing, consistent with apoptosis (85-90% of events), or
sudden loss of fluorescent cell content, consistent with lysis
(10-15%). In the latter case, the exposed nucleus could be
visualized with systemically injected propidium iodide (P.L.).
Whereas 1:1 CTL:tumor cell conjugates rarely led to target
cell elimination, higher ratios increased the efficiently, and
when 5 or more CTLs engaged a single target, it was killed
within an hour in more than a third of the cases (Fig. 3b).

To assess which molecular mechanism of target cell lysis
was dominant in our tumor model, we used C57BL/6 mice
deficient in FasL or perforin, two effector molecules piv-
otal in T-cell cytotoxicity [6, 7]. Identically cultured CTLs
isolated from OT-I mice crossed with C57BL/6 mice defi-
cient in FasL or perforin were used in tumor rejection assays
(Fig. 3c). Whereas FasL™'~ OT-I CTLs rejected tumors as
efficiently as wild-type OT-I CTLs, perforin~~ OT-I CTLs
performed poorly.

To test whether CTLs can indirectly eliminate bystander
tumor cells in an Ag-independent manner, mice were inoc-
ulated with a mixture of differentially labeled OVA™ and
OVA™ B16 cells. The two cell populations proliferated simi-
larly, maintained the original injection ratios, and formed
thoroughly admixed tumors (Fig. 3d). When mice were
treated with OT-I CTLs, in perivascular areas, infiltrated by
OT-1 CTLs, OVA™ cells remained intact, while OVA™ cells
were no longer apparent (Fig. 3e), in non-infiltrated areas,
the ratio of OVA™ and OVA™ target cells stayed constant,
providing an internal control. Taken together, these results
suggest that efficient killing requires TCR-mediated conju-
gates leading to perforin and granzyme release by several
CTLs.
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Fig.2 CTLs enter the mouse tumors through specific blood vessels,
cluster around target tumor cells and clear consecutive areas of the
tumor. In vitro-activated OT-I CFP™ CTLs were adoptively trans-
ferred to C57BL/6 mice-bearing B16-OVA-GFP tumors and were
imaged by intravital two-photon microscopy following i.v. injection
of red Quantum dots. Size bar=50 um. a Composite view of intratu-
moral CTL dissemination in relation to blood vessels. Two days fol-
lowing transfer, CTL distribution was heterogeneous and most cells
concentrated around blood vessels. b Distances of CTLs (n=2842)
and B16-Ova tumor cells (n=327) to the nearest blood vessels were
measured. CTLs were situated significantly closer to blood vessels

CTL motility depends on blood flow in vivo
and on oxygen in vitro

To understand why CTLs infiltrate avascular areas poorly,
we tracked CTLs experiencing different vascular densities.
To control for experimental variability, we examined rela-
tive, rather than absolute, cell speeds in differently vascular-
ized areas within the same imaging fields (Fig. 4a, Movie
S7). Mapping cell velocities (Fig. 4b) revealed that they
gradually subsided away from blood vessels. At distances
greater than 50 pm, velocities were significantly lower than
closer to blood vessels (Fig. 4c), and CTLs became scarcer.

We initially hypothesized that CTLs arrested due to the
“TCR stop signal”, as they interact with target cells [29].

w

dokek

100

S

OT-ICTLs B16-OVA

BAGAeads = 2 fponrefl e

.(x-uu —aefs

Distance to nearest blood vessles (Lm)

M Collagen fibers [[JOT-1 CTLs
[ Blood vessels [llB16-OVA

Vascular

than tumor cells (p<0.0001). Shown are individual cell distances
with the median and interquartile range shown in red. Data are repre-
sentative of more than ten experiments. ¢ More detailed view of CTL
distribution. Perivascular infiltrates of CTLs appear around selected
blood vessels (circled), likely representing their point of entry into
the tumor. Size bar=50 um. d CTL activity was examined 3 days fol-
lowing transfer at the margin of vascularized areas. In the perivascu-
lar area (up to 50 pm from vessels) CTLs outnumbered tumor cells
more than 2-1 and sometimes engaged in lytic conjugates (arrows),
whereas the avascular area contained fewer CTLs and abounded with
intact tumor cells (at ~ 1-2 ratio). Size bar=50 pm

Presumably, as CTLs enter through blood vessels, they clear
away the first tumor cells they encounter, leaving them free
to move in areas around the vessels through which they
entered. Once they travel further into the tumor, they reen-
counter fresh tumor cells and stop to interact with them.

To test this hypothesis, we conducted two experiments:
first, we co-injected the mice intravenously with OT-I and
polyclonal CTLs (identically activated with anti-CD3 and
anti-CD28) (Fig. 4d, Movie S8). Regardless of antigen spec-
ificity, both CTL types slowed down as they moved away
from blood vessels (Fig. 4e, f).

Second, we checked the pattern of OT-I CTL infiltration
and their motility when injected directly into the tumor,
rather than intravenously. One day following intratumoral
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injection of 5 x 10° CTLs, they were observed congregat-
ing around intratumoral blood vessels (Fig. 4g), resulting
in ~ threefold higher CTL density in perivascular areas,
where they exhibited vigorous motility (Movie S9). In
areas farther away from the vessels, the cells slowed down
and thinned out. Taken together, these experiments suggest
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that arrest due to TCR engagement is not a critical factor
in CTL distribution.

An alternative hypothesis would suggest that CTLs rely
on oxygen originating from blood vessels for optimal motil-
ity. This suggestion was supported by the effects of blood
flow on CTL motility. We were following CTL motility in a
tumor when a small capillary surrounded by CTLs became



Cancer Immunology, Immunotherapy (2019) 68:1287-1301

1295

«Fig.3 CTL killing of tumor cells is contact- and antigen dependent.
C57BL/6 mice-bearing B16-OVA-GFP tumors were injected with
2x107 in vitro-activated CFP* OT-I CTLs and imaged 2 days later
by intravital 2-photon microscopy. (n=34 cells). a Tumor cell death
most often took the form of apoptosis, indicated by membrane bleb-
bing (top). Less often lytic death occurred, as indicated by abrupt loss
of cytoplasmic GFP and exposure of the nucleus (bottom). Rarely,
both processes occurred simultaneously (middle row). Loss of mem-
brane integrity is revealed by P.I. staining. Size bar=10 um. b Rate
per hour of tumor cell lysis increased with the number of CTLs
engaging the target cell. ¢ C57BL/6 mice were inoculated with B16-
OVA tumor cells in their footpad and, 8 days later, were transferred
with 5x10°® in vitro-activated OT-I CTLs from either C57BL/6,
FasL ™"~ or perforin™'~ mice and were followed for tumor progression.
Perforin™~ CTLs, but not FasL™~ CTLs rejected the tumor signifi-
cantly less efficiently than wild-type CTLs (p=0.04, n=8 per group).
d To test whether CTLs can indirectly eliminate bystander tumor cells
in an Ag-independent manner, mice were injected with a mixture of
OVA* GFP* B16 cells (green) and OVA™ tdTomato™ (red) B16 cells.
Co-injection of a 2:1 mixture resulted in homogenously mixed tumors
consisting of a similar proportion of cells (109:46 in this field). Data
representative of five experiments. Size bar=50 pm. e Mice inocu-
lated with a tumor consisting of OVA* (green) and OVA™ (red)
B16 cells at a 1:1 ratio were treated with CTLs. In an un-infiltrated
area (right), both OVA* GFP* and OVA™ tdTomato™ cells remained
intact (53:51 in the demarcated area). In a highly infiltrated area
(left), OVA™ cells were all specifically eliminated, while 49 OVA~
cells were spared. This result is inconsistent with efficient bystander
killing in this model (data representative of 20 experiments). Size
bar=50 um

spontaneously occluded (Fig. 5a, b, Movie S10). Within
less than 100 s of occlusion, adjacent CTLs came to a com-
plete arrest and rounded up; when blood flow spontaneously
resumed, CTLs rapidly elongated and began to migrate. This
rapid and reversible arrest suggests that CTLs respond to low
oxygen levels rather than slow down because of nutritional
deficits or accumulation of toxic metabolites. To verify this
incidental finding, we cauterized blood vessels leading to
the tumor, resulting in marked reduction in blood flow inside
the tumor (Fig. 5Sc, Movie S11). As soon as blood flow was
tampered with, CTLs rounded up (p < 0.0005) and arrested.

These observations may have resulted from reduced
oxygen around the blood vessels or from decreased flow of
interstitial fluid near the vessel affecting mechanosensitive
pathways. To directly test whether CTL motility depends on
oxygen and on oxidative phosphorylation, CTL migration
was examined in vitro (Fig. 5d, Movie S12). Upon depletion
of oxygen, the cells rounded up and their crawling velocities
dropped significantly. Inhibition of oxidative phosphoryla-
tion using the mitochondrial uncoupler FCCP had a similar
affect without compromising cell viability (Fig. S3).

It has been reported that CTLs avoid hypoxic tumor areas
[18]. To examine whether this applies to our tumor model,
we immunohistochemically stained GFP~ B16 OVA™* tumors
for tissue hypoxia (using pimonidazole adduct staining, Fig.
S4a) and for transferred OT-1 GFP* CTLs (using anti-GFP,
Fig. S4b). As with CD8" cells in clinical samples, CTLs

mostly localized to the tumor periphery and could be noticed
around blood vessels. Comparing the patterns of CTL dis-
tribution and hypoxia, we observed mostly non-overlapping
localization (Fig. S4c) and the density of CTLs in perivas-
cular areas was 62% higher than in non-vascularized ones
(2670 vs. 1650 cells/mm?).

Discussion

To efficiently eliminate the tumor mass, CD8 T cells,
whether endogenous or transferred, must disseminate in the
tumor and physically contact their targets. We showed here
in melanoma patients that, in most cases, the CD87 cells
remain in perivascular areas, a pattern that likely leads to
incomplete tumor rejection. In agreement with the previous
studies in mice [22], for unknown reasons, CD8* cells accu-
mulated preferably around peripheral, rather than deep ves-
sels. Future studies could gain further insight on the CTLs
located at different tumor areas by profiling their activation,
proliferation, and exhaustion markers.

Modeling this phenomenon in mice, we showed that a
large number of T cells need to contact their targets and
eliminate them using antigen-dependent and perforin-medi-
ated cytotoxicity. Tumor clearance is inefficient, as CTLs
slow down away from blood vessels and sparsely penetrate
hypoxic areas of the tumor.

Specifically, at early phases of infiltration, only 10%
CTLs formed stable conjugates with tumor cells. Most of
these conjugates consisted of one CTL and one target cell,
and only 3% of them resulted in target cell death. The fact
that CTLs proved inefficient killers is perhaps not surprising.
Melanoma cells, B16 in particular, are resistant to cytolysis
[30]. They express low levels of MHC-I [31], resist gran-
zyme-mediated lysis [32], and exhibit multiple defects in
the signaling of death receptors to TNF, FasL, and TRAIL,
resulting from altered genomic, transcriptional, and post-
translational regulation [33]. Similarly, using several tumor
models in vivo, various imaging studies observed CTL arrest
in contact with tumor cells and gross tumor rejection, but
did not report any observations of killing events [20, 22,
34, 35]. Even when killing events were reported [21], their
frequency was very low—only 13 killing events observed
following 129 conjugates between CTLs and EG7 thymoma
cells. Similarly, we observed only 34 unmistakable killing
events in many hours of observation. We may have under-
estimated, though, the number of such events, as we relied
on late morphological signs of cell death (blebbing, loss
of GFP content, and exposure of nucleic acid) rather than
molecular signatures.

We suggest that CTLs can combine forces and overcome
tumor resistance by attacking a single tumor cell simultane-
ously or in short succession, resulting in several-fold higher
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Fig.4 CTLs decelerate as they move away from blood vessels.
a—c Mice-bearing B16-OVA-tdTomato tumors (purple cells) were
treated with 2x 107 in vitro-activated OT-I CTLs (green). Two days
later, their intratumoral motility was examined in relation to blood
vessels (red). a In a partially vascularized tumor area, more sessile
CTLs were observed in the avascular region on the right. Red tracks
indicate CTL velocities exceeding 2.5 pm/min. White tracks indi-
cates velocities below 2.5 um/min. Size bar=50 pm. b CTL velocity
map of the imaging field in A indicates a gradual decline in migra-
tion velocities. ¢ CTL velocities were higher close to blood vessels
(<50 pm) than farther away (>50 pm) (p <0.0001, n=668 cells).
Data were pooled form five experiments. d—f To test if CTL arrest
resulted from interaction with antigen, in vitro-activated CFP™ OT-I
T cells (cyan) were co-injected with in vitro-activated GFP* poly-
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clonal T cells (green). d In a partially vascularized tumor area, more
sessile CTLs were observed in the avascular region on the right. Red
and white tracks indicate CTL velocities as above. Size bar=50 pm.
e Velocity map of polyclonal CTLs indicates a gradual decline in
their velocities. f ANOVA indicated that both cell types moved
faster closer to blood vessels (p<0.0001, n=255) and were simi-
larly affected, as no significant statistical interaction was observed
(p=0.97). Baseline speeds are non-zero due to imaging field drift.
Data representative of more than five experiments. g When in vitro-
activated CTLs were injected directly into the tumor, they congre-
gated around blood vessels, resulting, in this field, in a 2.8-fold higher
CTL density in the perivascular (<50 pm) than in the avascular area
(7080 vs. 2515 cells/mm?). Based on analysis of 714 cells. Data rep-
resentative of four experiments. Size bar =50 pm
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Fig.5 CTLs arrest upon disruption of blood flow or hypoxia. a Suc-
cessive images of the motility of CTLs (activated as above) around
transiently occluded capillaries. When blood was flowing (left), CTLs
were motile as indicated by their amoeboid shape. Immediately after
capillary occlusion (middle), CTLs arrested and rounded up. Immedi-
ately after blood flow resumed (right), CTL regained their amoeboid
shape, reflecting normal migration. Size bar=50 um. b CTL velocity
and roundness over time as the flowing status of the capillary changed

success rates. Inside CTL swarms, local effector-to-target
ratios are high, and such conditions prevail. This in vivo
observation corroborates in vitro findings [30], showing that
CTLs must deliver multiple hits to annihilate B16 melanoma
cells.

A recent in vivo imaging study [36] that followed elimi-
nation of virally infected target cells, observed similar
CTL behavior. The authors demonstrated that killing rates
increased non-linearly when multiple CTLs contacted the
infected cells and concluded that CTLs cooperate to maxi-
mize killing. Such findings do not necessarily imply com-
munication or synergy between CTLs. An equally valid
explanation would suggest that a threshold concentration of
effector molecules needs to be reached before the target cell
succumbs to cytolysis.

The need for multiple CTLs for efficient killing is com-
pounded by the lack of apparent bystander target cell killing

in a. ¢ CTLs arrest upon deliberate interruption of blood flow to the
tumor (p <0.0001, data representative of three experiments). d OT-I
CTLs were plated on fibronectin-coated glass-bottom plates and
were followed using a spinning disk confocal microscope for 20 min.
Compared to control medium, CTL velocities dropped in oxygen-
depleted (hypoxic) medium (p <0.0001) and in the presence of 1.5
pM FCCP—a mitochondrial uncoupler that inhibits oxidative phos-
phorylation (p <0.0001). Data are representative of four experiments

in the model we used: antigen-negative target cells could
survive in CTL-infiltrated areas cleared of antigen-express-
ing cells, suggesting that effector—target cell contact is
essential. Correspondingly, perforin~ OT-I CTLs rejected
the tumors less efficiently than wild-type OT-I CTLs. Such
strict antigen dependence is in agreement with previous
imaging studies [21] but not with others [10], suggesting
that the extent of bystander killing may depend on the exact
tumor model used.

To reliably capture enough lytic immunological synapses,
we resorted to using a model based on high numbers of OT-I
CTLs recognizing the exogenous OVA antigen with high
affinity. We expect that naturally occurring tumor antigens,
which typically bind TCRs with lower affinities, would elicit
lower killing efficiency. Thus, in the clinical setting, an addi-
tive effect of poor infiltration due to hypoxia and inefficient
killing due to low affinity could result in tumor persistence.
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The main conclusion of this study, albeit based on a sin-
gle tumor model and on specific conditions in which the
anti-tumor response is partial is this: anti-tumor CTL activ-
ity is limited by the perivascular distribution of CTLs, likely
promoted by hypoxia in deeper tumor areas. Several lines of
evidence converge to support this notion: (1) the speed of
CTLs (both Ag-specific and non-specific) declined as they
moved away from blood vessels; (2) when injected intratu-
morally, CTLs concentrated around blood vessels, where
they migrated vigorously; (3) CTLs arrested upon deliberate
or sporadic occlusion of blood vessels and motility resumed
when blood flow was renewed; (4) T cells accumulated
in normoxic areas and avoided hypoxic ones; and (5) the
in vitro motility of CTLs declined in anaerobic conditions
or when oxidative phosphorylation in mitochondria was
blocked.

Echoing our findings, recent work [18] demonstrated that
T cells avoid hypoxic tumor areas and that prolonged res-
piratory hyperoxia (with 60% oxygen) induces accumulation
of CD8 T cells in tumors and promotes the T-cell-dependent
regression of metastasis. Surprisingly, a recent paper [37]
established that sensing high oxygen levels inhibits the activ-
ity of endogenous T cells against B16 tumors. Importantly,
effects were seen within B16 lung metastases, where oxygen
levels are high, but not in subcutaneous tumors. Culturing
TCR-transgenic CD4 T cells at hypoxia-inducing condi-
tions greatly improved their ability to reject s.c. tumors
upon adoptive transfer. Possibly, this treatment acclimatized
the cells to the hypoxic conditions rife within s.c. tumors.
More insight into this question could be gained in the future
by comparing the distribution and motility of intratumoral
CTLs in conditions leading to tumor rejection or not.

The molecular mechanisms through which hypoxia
impairs CTL motility remain unknown. Judging on how
fast perivascular CTLs respond to changes in blood flow, it
is unlikely to depend on transcription (downstream of HIF-
1, for instance) or energetic deficits. Instead, it might be
mediated by oxygen sensors directly coupled to cytoskeletal
machinery. Such biochemical pathways link prolyl hydrox-
ylase domain-containing protein 2 (PHD2), Ras homolog
gene family, member a (RhoA) and cofilin [38], as well as
PHD3 and actin [39], affecting cell motility.

Other mechanisms may work in parallel to hypoxia to
keep CTLs in the perivascular niche. Less glucose is proba-
bly available in avascular tumor areas. Although the effect of
glucose availability on the motility of CTLs was not studied,
it was recently shown to be critical for CTL activation, IFN-y
production, and tumor rejection [17, 40]. Another possibility
is that hypoxia leads to accumulation of adenosine in avas-
cular tumor areas, which in turn suppresses T-cell function,
and perhaps their motility [18, 41]; lactic acid may play a
similar role [42]. M2-like tumor-associated macrophages,
which are attracted to hypoxic and necrotic areas in the
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tumor [43—45], may contribute to T-cell dysfunction in these
areas. Moreover, chemokines secreted or immobilized in the
perivascular area may attract CTLs to this particular region
and promote their motility. Indeed, a study of primary cen-
tral nervous system (CNS) lymphoma [46] identified clusters
of CTLs around blood vessels and strongly suggested that
the chemokines CXCL9 and CXCL12, produced by peri-
cytes and macrophages, attracted these cells to the perivas-
cular region. Finally, FasL, expressed on the vessels of sev-
eral tumor types, may preferentially kill CTLs upon their
entry to the tumor [47]. This finding, though, is unlikely to
explain the phenomenon that we observed, as CTLs accu-
mulated outside the vessels and were highly motile in this
area, thus unlikely to be undergoing FAS-mediated death.
Overall, several mechanisms may collude to keep CTLs next
to blood vessels in tumors. Most, though, cannot explain the
immediate arrest of CTLs when blood flow is compromised.

Bypassing the dependence of CTLs on oxygen can poten-
tially improve immunotherapy. Several strategies could be
attempted. Clinicians can try to normalize tumor vasculari-
zation through systemic treatment. Indeed, extensive work
from the laboratory of Rakesh Jain has shown that achieving
this goal with limited doses of anti-VEGF in mice can pro-
mote tumor rejection [48] and that clinical anti-angiogenic
therapy, when effective, delays tumor development through
normalization, rather than elimination of blood vessels [49].
Pursuing that notion, several groups have demonstrated that
vascular normalization promotes T-cell-based anti-tumor
immunity [50, 51] and can be used synergistically with
immunotherapy in animal models [52-54].

An alternative approach would be to systemically increase
the availability of oxygen. This may be achievable in patients
using hyperbaric chambers or oxygen masks. Accordingly,
as mentioned above, housing mice in hyperoxic chambers
were shown to reduce hypoxic areas in metastases and pri-
mary tumors, induce the accumulation of tumor-infiltrating
CTLs, and promote tumor regression [18].

The study by Clever et al. [37] portrayed a more com-
plicated picture. The findings established that sensing high
oxygen tension inhibited the anti-tumor activity of endog-
enous CD4 T cells within b16 lung metastases, but not sub-
cutaneous tumors. Culturing TCR-transgenic CD4 T cells at
hypoxia-inducing conditions greatly improved their ability
to reject s.c. tumors upon adoptive transfer. It might have
been the case that such treatment adapted the cells to the
hypoxic conditions rife within s.c. tumors, but since this
study focused on CD4 T-cell function, it cannot be directly
compared to ours.

A final strategy would be to culture CTLs in conditions
that favor their resistance to hypoxia. This approach would
be relevant to adoptive immunotherapy with TILs, TCR-
or CAR-transfected T cells, but not to therapies based on
endogenous CTLs. The previous research has already shown
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that CTLs can grow in low oxygen conditions and func-
tion in vitro [55, 56]. Our recent findings indicate that CTLs
raised under hypoxic conditions produce more granzyme B
and excel at killing melanoma cells in vitro and in vivo [57].
In vivo anti-tumor CTL function is obviously more complex
than in vitro cytotoxicity. It requires, among other things,
infiltration into tumors and migration within them. While
naive T cells may adapt to hypoxic conditions and func-
tion well, fully mature CTLs may lose this plasticity. In our
experience, naive T cells enter tumors very inefficiently. For
these reasons, when considering cellular immunotherapy,
effector T cells may need to be adapted in vitro to hypoxic
conditions, so that they are ready to infiltrate the tumors and
function fully upon transfer.

We conclude that in humans as in mice, CD8* T cells
tend to concentrate near blood vessels in melanoma tumors.
Our dynamic studies in mice suggest that the hypoxia expe-
rienced by these cells away from flowing blood vessels
contributes to this phenomenon. Since tumor cells might
use hypoxic areas in the tumors to escape CTL attack in
immunotherapeutic contexts, better understanding of this
phenomenon, and the ways to circumvent that it is pertinent.
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