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ABSTRACT

The tumor microenvironment has been identified as a major mediator of immunological processes in
solid tumors. In particular, tumor-associated fibroblasts are known to interact with tumor infiltrating
immune cells. We describe the influence of fibroblasts and tumor-microenvironment-derived cytokines
on the infiltration capacity of CD37CD8" cytotoxic T lymphocyte subpopulations using a multicellular 3D
co-culture system. 3D tumor microtissues were cultivated using a hanging drop system. Human A549
and Calu-6 cancer cell lines were incubated alone or together with the human fibroblast cell line SV80
for 10 d to form microtissues. On day 10, peripheral blood mononuclear cells (PBMC) were added with
or without cytokine stimulation for 24 h. Infiltrating PBMC subpopulations were investigated by flow
cytometry. Aggregation of the microtissues and the infiltration of the PBMCs were analyzed by
immunohistochemistry, and endogenous cytokine and chemokine expression was analyzed with a multi-
cytokine immunoassay. Secretion of chemokines is increased in microtissues consisting of cancer cells
and fibroblasts. PBMC infiltrate the whole spheroid in cancer cell monocultures, whereas in co-cultures
of cancer cells and fibroblasts, PBMCs are rather localized at the margin. Activated CD69" and CD49d™ T
lymphocytes show an increased microtissue infiltration in the presence of fibroblasts. We demonstrate
that the stromal component of cancer microtissues significantly influences immune cell infiltration. The
presence of fibroblasts in cancer microtissues induces a shift of T lymphocyte infiltration toward
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activated T lymphocytes.

Introduction

The tumor microenvironment has been identified as a major
mediator of immunological processes in solid tumors. Among
the various cellular components of the microenvironment,
tumor-associated fibroblasts are suspected to interact with
tumor infiltrating immune cells.!

These tumor infiltrating leukocytes are deeply involved in
immunomodulatory processes.>” For instance, subpopulations
of tumor-associated macrophages (TAM) can conduct both
immune surveillance through interferon-y activated M1 mac-
rophages and immune escape via transforming growth factor 8
(TGEpB) induced M2 macrophages. Moreover, an increased
number of the CD3*CD8" cytotoxic T cells within a tumor is
associated with a better prognosis and a higher overall survival
in cancer patients.*’

The CD3*CD8* T lymphocyte population splits up into
a lineage descending from naive T lymphocytes, over
memory T lymphocytes to terminally differentiated effector
T lymphocytes.® More differentiated stages of T lymphocytes
such as, for example, effector memory T cells are considered
to be central mediators of immunological tumor surveillance
and infiltration of these subpopulations is known to correlate
with a higher benefit due to a decreased risk of early

metastasis.” Currently, the influence of the tumor microenvi-
ronment on these CD3"CD8% subpopulations regarding
their tumor infiltration capacity is not satisfactorily under-
stood. Therefore, the identification of factors within the
microenvironment interacting with T lymphocytes subpopu-
lations might result in defining potential targets for immuno-
therapeutic agents.

Specific immune cell subpopulations are regulated by dif-
ferent cytokines. Such soluble factors are often derived from
tumor-associated stromal cells such as fibroblasts®’ and can
induce certain immune system-related anticancer effects.'’
For example, Interleukin-6 (IL-6), a strong promoter of
inflammatory responses in the tumor mediated by the
innate immune system in form of neutrophils, and tumor
necrosis factor o (TNF-«), a central mediator of various
innate and adaptive immunological processes, are known to
be descending from cancer-associated stromal cells'' and
represent a crucial part of the intercellular communication
between stromal cells, immune cells and cancer cells."?
Recent studies also proved the importance of other cyto-
kines such as IL-5, IL-12 or TNF-« for the interaction of
the immune system and cancer tissues.'> Moreover, specific
chemokines are crucially involved in the interaction of the
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Figure 1. Secretion of cytokines in cancer microtissues. Mono-, co- and tri-culture microtissues of A549 and Calu-6 cancer cells with SV80 fibroblasts and PBMCs were
screened for the secretion of IL-2, IL-4, IL-5, IL-6, IL-12p70, IFNy and TNFe. Therefore, supernatant of the microtissues was analyzed with a multiplex immunoassay. No
expression of IL-4 and IFNy was detected in any approach. IL = Interleukin; IFNy = Interferony; PBMC = peripheral blood mononuclear cells; TNFox = tumor necrosis fac-

tor a. (n = 3) (°p < 0.05, *p < 0.005, ***p < 0.0005, “***p < 0.0001).

tumor microenvironment and infiltrating immune cells.
Chemokines targeting CD37C8" cytotoxic T lymphocytes,
such as CX3CL1 or CXCL9, are of interest as these cells are
highly involved in tumor surveillance mediated by the
immune system.'*"”

Therefore, the investigation of the interaction of tumor-
associated fibroblasts with immune cells within the tumor
microenvironment is expected to provide us with novel insights
and may lead to the development of novel therapeutic
approaches.

We generated multicellular 3D microtissues to investi-
gate the interaction between cancer cells, stromal cells and
immune cells. Microtissues consisting of cancer cells alone
or together with fibroblasts were cultivated followed by co-
incubation of the preformed microtissues with immune
cells to detect immune cell infiltration. With this approach,
differences between cancer cell microtissues and cancer
cell/fibroblast microtissues regarding the infiltration of
lymphocytes subpopulations were analyzed. Furthermore,
microtissues were evaluated regarding the presence of spe-
cific cytokines and chemokines. Finally, endogenous cyto-
kines were artificially added in higher concentrations to
validate the influence of these tumor-microenvironment-
derived cytokines on the infiltration of immune cell
subpopulations.

Results
Cytokine secretion patterns

Cytokine expression patterns differed between mono-, co- and
tri-cultures regarding TNF-a, IL-2, IL-5, IL-6 and IL-12p70.
IFNy and IL-4 concentrations were below the detection limit in
all cultures. The p values for significant results are shown in the
supplementary file (Sup. 1).

A549 and Calu-6 monocultures secreted none of the ana-
lyzed cytokines and peripheral blood mononuclear cells
(PBMC) alone only produced minimal amounts of IL-12 p70
and TNF-a. In contrast, SV80 monocultures expressed TNF-«,
IL-2, IL-5, IL-6 and IL-12p70 in detectable amounts (Fig. 1).

In both A549/SV80 and Calu-6/SV80 co-cultures, concen-
trations of the cytokines TNF-c, IL-2, IL-5, IL-6 and IL-12p70
had similar levels as in SV80 monocultures. Also, SV80/PBMC
co-cultures showed no increased secretion of cytokines com-
pared to SV80 monocultures. Although monocultures of A549,
Calu-6 and PBMCs alone showed no secretion of cytokines, co-
cultures of cancer cells and PBMCs displayed detectable levels
of cytokines. Secretion of TNF-«, IL-2, IL-5, IL-6 and IL-12p70
was increased in A549/PBMC microtissues, to some extent,
although not significantly. In contrast, Calu-6/PBMC co-cul-
tures showed enhanced concentrations of IL-6 and IL-12p70
(Fig. 1, Sup. 1).



ONCOIMMUNOLOGY e1323617-3

Fractalkine/CX3CL1

BOD,

600

% 400

200

T o

o .

v"";;‘@ efﬁé"‘;s‘;@%"p e

MIG/CXCL9

e

‘F
P SO ST ﬁf‘?’@*@ s
¥ ‘FF‘Q U’os‘og“;‘ “ , “éo@ vvu}% ‘)ﬁsﬁf 2
BCA-1/CXCL13 CTACK/CCL27 I-TACICXCL11
e il T8 - W e P e
4 e & a0
3 & &0
£ £ £
E 2 E) 4 Ed 40

0
S FEEE SO EFF O
‘ﬁ;j;?‘g b@\" 353' é‘f ‘?fi;;# y{@&q nslj
A \9
MCP-1/CCL2 MIP-3R/CCL19
E! 4000 .%

'99 % \\5’ a‘}’ 3
v“?.g«‘,@@‘a 4“9& ‘;‘ @f&é’

6Ckine/CCL21

o aﬂ, ol

o

Figure 2. Secretion of chemokines in cancer microtissues. Mono-, co- and tri-culture microtissues of Calu-6 and A549 cancer cells with SV80 fibroblasts and PBMCs were
screened for the secretion of Fractalkine/CX3CL1, MIG/CXCL9, 6Ckine/CCL21, BCA-1/CXCL13, CTACK/CCL27, I-TAC/CXCL11, MCP-1/CCL2, MIP-38/CCL19, SDF-1a+p/
CXCL12, TARC/CCL17 and TECK/CCL25. Therefore, supernatant of the microtissues was analyzed with a multiplex immunoassay. (n = 3) ("p < 0.05, **p < 0.005, “**p <

0.0005, ****p < 0.0001).

Compared to A549 and Calu-6 monocultures, all cyto-
kines except of IL-6 were significantly increased in A549/
SV80/PBMC tri-cultures, whereas in Calu-6/SV80/PBMC
tri-cultures all cytokines were significantly increased. A549/
SV80/PBMC tri-cultures showed no significant difference to
A549/PBMC co-cultures, but in Calu-6/SV80/PBMC tri-
cultures the concentration of IL-5, IL-6 and IL-12 was sig-
nificantly increased compared to Calu-6/PBMC microtissues
(Fig. 1, Sup. 1).

Chemokine secretion patterns

The chemokines 6Ckine/CCL21, BCA-1/CXCL13, CTACK/
CCL27, Fractalkine/CX3CL1, I-TAC/CXCL11, MCP-1/CCL2,

MIG/CXCL9, MIP-33/CCL19, SDEF-1a/3/CXCL12, TARC/
CCL17 and TECK/CCL25 were detected in our experimental
approaches (Fig. 2). The p values for significant results are
shown in the supplementary file (Sup. 2 and 3).

In PBMC monocultures, hardly any chemokines were
secreted, especially CX3CL1, CXCL9 and CCL2 were not
detectable. In SV80 monocultures, all chemokines were
expressed (Fig 2). With exception of CXCL11, all cytokines
were increased in SV80/PBMC co-cultures compared to
SV80 monocultures, whereby CXCL9, CXCL13, CCL27 and
CCL25 showed significant results (Fig. 2, Sup. 2).

When compared with A549 monocultures, all chemokine
except CX3CL1 were significantly increased in A549/SV80 co-cul-
tures. In contrast, only CXCL13 and CCL27 were significantly
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Figure 3. Differences of microtissue infiltrating major PBMC subpopulations in cancer cell monocultures and cancer cell/fibroblast co-cultures. To investigate the influence
of tumor associated fibroblasts on immune cell infiltration, microtissue infiltrating major PBMC subpopulations were compared in microtissues consisting of A549 or Calu-
6 with or without fibroblasts. Microtissues were co-incubated with PBMCs for 24 h. PMC = peripheral blood mononuclear cells. (n = 4) ("p < 0.05, **p < 0.005, **“p <

0.0005, ****p < 0.0001).

increased in A549/PBMC co-cultures compared to A549 monocul-
tures (Fig. 2, Sup. 2). Comparing Calu-6 monocultures with Calu6/
SV80 co-cultures, secretion of CXCL9, CCL21, CXCL13, CXCL11,
CCL19, CXCL12, CCL17 and CCL25 was significantly increased in
the co-cultures (Fig. 2, Sup. 3). In Calu6/PBMC co-cultures, all che-
mokines were significantly increased compared to Calu-6 mono-
cultures (Fig. 2, Sup. 3).

Comparing A549 monocultures with A549/SV80/PBMC
tri-cultures, the chemokines CX3CL1, CCL21, CXCL13,
CCL27, CXCL11, CCL19, CXCL12, CCL17 and CCL25
were significantly upregulated in the tri-cultures. Finally,
by comparing A549/PBMC co-cultures with A549/SV80/
PBMC tri-cultures, secretion of all measured chemokines
was significantly increased in the tri-cultures with excep-
tion of CXL9, CXCL11 and CCL2 (Fig. 2, Sup. 2). Regard-
ing Calu-6/SV80/PBMC tri-cultures, all chemokines except
CX3CL1 and CCL2 were significantly increased compared
to Calu-6 monocultures. Compared to Calu-6/SV80 co-cul-
tures, only CXCL12 was increased in Calu-6/SV80/PMBC
tri-cultures (Fig. 2, Sup. 3).

Immune cell subpopulations in co- and tri-cultures

Lymphocytes and monocytes

Compared to A549/PBMC co-cultures, no differences of
the amount of infiltrating CD14~ lymphocytes and CD14*
monocytes were found in A549/SV80/PBMC tri-cultures.
In Calu-6/SV80/PBMC tri-cultures, the amount of leuko-
cytes was significantly decreased compared to Calu-6/
PBMC co-cultures (p = 0.0298, Fig. 3). No significant
changes of B lymphocytes were observed in both cell lines.

NK cells

Regarding the infiltration of NK cells, no significant differences
between co-cultures and tri-cultures were seen in both the
A549 and Calu-6 cell line (Fig. 3). Activated CD69" NK cells
were significantly increased in A549/SV80 co-cultures com-
pared to A549 monocultures (p = 0.0335, Fig. 5).

CD3" T lymphocytes

When compared to A549/PBMC co-cultures, the infiltration of
CD3" lymphocytes in A549/SV80/PBMC tri-cultures showed no
difference (Fig. 3). In contrast, Calu-6/SV80/PBMC tri-cultures
showed a significantly decrease of infiltrating CD3™ lymphocytes
compared to Calu-6/PBMC co-cultures (p = 0.0298; Fig. 3).

CD3*CD4" and CD3"CD8* T lymphocytes

The infiltration of CD37CD8" lymphocytes in A549/SV80/
PBMC tri-cultures showed no difference to A549/PBMC co-
cultures (Fig. 3). Also for CD3"CD4 " lymphocytes no differen-
ces between A549 co-cultures and tri-cultures were observed. In
Calu-6/SV80/PBMC tri-cultures, infiltration of CD3"CD4*
and CD3"CD8" lymphocytes were decreased compared to
Calu-6/PBMC co-cultures (p = 0.0369, p = 0.0224; Fig. 3).

CD8*CD3" T lymphocyte subpopulations

Regarding the different CD8*CD3™ lymphocytes subpopula-
tions, no significant difference between co-cultures and tri-cul-
tures of both A549 and Calu-6 microtissues were observed for
CD45RA*CD3"CD8" and CD45R0"CD3"CD8* T lympho-
cytes (Fig. 4). Also CD57"CD3"CD8" T lymphocytes occurred
in the same percentage in A549/SV80/PBMC and Calu-6/
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Figure 4. Differences of microtissue infiltrating CD37CD8™ T lymphocyte subpopula-
tions in cancer cell monocultures and cancer cell/fibroblast co-cultures. To investigate
the influence of tumor associated fibroblasts on CD37CD8™ T Imyphocyte supopulations,
microtissue infiltrating CD3*CD8' T lymphocyte subpopulations were compared in
microtissues consisting of A549 or Calu-6 with or without fibroblasts. Microtissues were
co-incubated with PBMCs for 24 h. PMC = peripheral blood mononuclear cells, Tey =
central memory T cells, Tey = effector memory T cells, Ty = naive T cells. (n = 4) ("'p <
0.05,**p < 0.005, “*p < 0.0005, ****p < 0.0001).

SV80/PBMC tri-cultures compared to A549/PBMC and Calu-
6/ PBMC co-cultures (Fig. 4)

Presence of activated CD69"CD3"CD8" T lymphocytes
was significantly increased from 21%, a proportion already
much higher than in PBMC not infiltrating the microtissues, to
44% in A549/SV80/PBMC tri-cultures compared to A549/
SV80 co-cultures (p = 0.0318). Also in Calu-6/SV80/PBMC
tri-cultures, CD69"CD3"CD8" T lymphocytes were signifi-
cantly increased from 28% to 36% compared to Calu-6/SV80
co-cultures (p = 0.0321, Fig. 4).

When compared to A549/PBMC co-cultures, the percentage of
infiltrating naive T lymphocytes in A549/SV80/PBMC tri-culture
decreased from 27.9% to 18.2%, although the difference were not
significant (p = 0.1640; Fig. 4). Regarding the Calu-6 cell line,
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infiltrating naive T lymphocytes occurred in the same percentage
of CD3*CD8* lymphocytes in both Calu-6/PBMC co-culture and
Calu-6/SV80/PBMC tri-culture (p = 0.8939; Fig. 4).

Regarding the infiltration of Tcy and Tgy, no significant
differences between co-cultures and tri-cultures for both the
A549 and Calu-6 «cell line were seen (Fig. 4).
CD31"CD127*CD3"CD8* T lymphocytes showed no signifi-
cant difference between co-cultures and tri-cultures of both cell
lines (Fig. 5).

CD49d*CD3"CD8" T lymphocytes were significantly
increased in A549/SV80/PBMC tri-cultures compared to A549/
PBMC co-cultures (p = 0.0277), but were decreased in Calu-6/
SV80/PBMC tri-cultures compared to Calu-6/ PBMC co-cul-
tures (p = 0.0305, Fig. 5).

No differences in the expression of HLA-DR on CD3*CD8"
T lymphocytes between co-cultures and tri-cultures of both cell
lines were observed.

Regulatory T lymphocytes (T,g)

No differences of the infiltration of T, were observed
when co-cultures and tri-cultures were compared
(Fig. 6). Regarding the different T, subpopulations,
CD39"CD45RA™ T, and CD49d" T, percentages were
not altered in tri-cultures compared to the co-cultures
(Fig. 6). In contrast, CD45RA™ T,, were significantly
increased in Calu-6/SV80/PBMC tri-cultures compared to
Calu6/PBMC co-cultures (Fig. 6).

Influence of cytokines on infiltrating PBMC subpopulations

To analyze the effect of TNF-«, IL-2, IL-5 and IL-6 on
PBMC subpopulation composition, PBMCs were stimulated
with these cytokines for 24 h. The effects on PBMC only
approaches are shown in the Fig. 4 of the supplementary
file (Sup. 4). No significant alteration of lymphocyte infil-
tration was observed in both cell lines under stimulation
with all cytokines (Fig. 7).

Interleukin-2

Infiltration of CD3"CD8" lymphocytes in Calu-6 microtis-
sues was significantly increased under IL-2 stimulation
(p = 0.0212, Fig. 7). IL-2 caused a reduced infiltration of
naive T lymphocytes (Ty) in A549/PBMC co-cultures. In
contrast, effector memory T cells (Tgy) and terminal effec-
tor T cells (Trg) showed increased percentages, although
all results for A549/PBMC co-cultures were not significant
(Fig. 8A). In Calu-6/PBMC co-cultures, no difference
between the unstimulated control and IL-2 stimulated co-
cultures were observed in all subpopulations (Fig. 8B)

Interleukin-5

Stimulation with IL-5 decreased the amount of Ty in
A549/PBMC co-cultures although the result was non-sig-
nificant, whereas the central memory T cells (Tcym, p =
0.006) and Ttg (p = 0.0024) were significantly increased in
IL-5 stimulated A549 co-cultures compared to unstimu-
lated A549/PBMC controls (Fig. 8A). Stimulation with IL-5
caused no significant change of CD3"CD8* subpopulations
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Figure 5. Differences of microtissue infiltrating CD3TCD8" T lymphocyte and NK cell subpopulations in cancer cell monocultures and cancer cell/fibroblast co-cultures. To
investigate the influence of tumor-associated fibroblasts on CD3*CD8" T Imyphocyte and NK cell supopulations, microtissue infiltrating CD3"CD8" T lymphocyte and NK
cell subpopulations were compared in microtissues consisting of A549 or Calu-6 with or without fibroblasts. Microtissues were co-incubated with PBMCs for 24 h. PMC =
peripheral blood mononuclear cells. (n = 4) (*p < 0.05, “*p < 0.005, ***p < 0.0005, ****p < 0.0001).

in Calu-6/PBMC co-cultures compared to unstimulated
controls (Fig. 8B).

Interleukin-6

Similar results as with IL-5 were observed with IL-6 stimu-
lation. IL-6 decreased non-significantly the amount of Ty in
A549/PBMC compared to unstimulated controls, with a
concomitant increase in the percentages of Tcy (p =
0.0036) and Trg (p = 0.0031, Fig. 8A). Stimulation with IL-
6 caused no significant change in Calu-6/PBMC co-cultures
(Fig. 8B).

Tumor necrosis factor-o

Stimulation with TNF-« caused no alteration of CD3tCD8*
subpopulations in both A549/PBMC and Calu-6/PBMC co-cul-
tures (Fig. 8A/8B).

Microtissue architecture

A549/PBMC co-cultures displayed compact tissue architec-
ture with tight cell-cell contacts, although these microtis-
sues possessed a rather asymmetric shape. In contrast,
A549/SV80/PBMC tri-cultures showed an almost spherical
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Figure 6. Differences of microtissue infiltrating Tgeq and Tgeq Subpopulations in cancer cell monocultures and cancer cell/fibroblast co-cultures. To investigate the influ-
ence of tumor-associated fibroblasts on Tgeq and Tgeq subpopulations, microtissue infiltrating Tgeg and Tgeq subpopulations were compared in microtissues consisting of
A549 or Calu-6 with or without fibroblasts. Microtissues were co-incubated with PBMCs for 24 h. PMC = peripheral blood mononuclear cells, T,y = regulatory T cells.
(n=4) (*p < 005, **p < 0.005, ***p < 0.0005, “***p < 0.0001).
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Figure 7. Influence of cytokines on microtissue infiltrating lymhpocytes and CD3*tCD8™" T lymphocytes. Fig. 3 shows infiltrating PBMC subpopulations into A549 and Calu-
6 microtissues after 24 h. PMC = peripheral blood mononuclear cells. (n = 3) ("p < 0.05, **p < 0.005, “**p < 0.0005, “***p < 0.0001).
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Figure 8. Influence of cytokines on microtissue infiltrating CD37CD8" T lymphocyte subpopulations. Fig. 4 shows infiltrating CD37CD8" subpopulations into A549 (A)
and Calu-6 (B) microtissues after 24 h. PMC = peripheral blood mononuclear cells, Tcyy = central memory T cells, Tgy = effector memory T cells, Ty = naive T cells, Tre =
terminal effector T cells. (n = 3) ("p < 0.05, **p < 0.005, ***p < 0.001).

structure, where E-cadherin positive A549 cancer cells were distributed over the whole spheroid. In A549/SV80/PBMC
located at the margin and in the inner core of the microtis-  tri-cultures, PBMCs were concentrated at the margin of the
sue. E-cadherin negative SV80 fibroblasts formed a stromal microtissue, in the contact area between the cancer cells
backbone. A549/PBMC co-cultures revealed infiltration of and the fibroblasts. Moreover, PBMCs hardly migrated into
single PBMCs into the tumor tissue, which were even the core of the microtissue (Fig. 9).

A549 A549+PBMC

CD45 —_—  CD45

E-Cadherin/CD45

Figure 9. Immunohistochemical staining — A549. Tissue sections were stained on CD45 (red) to visualize infiltrating CD45" PBMCs in cancer cell and cancer cell/fibroblast microtis-
sues. To discriminate between cancer cells and fibroblasts, a staining on E-cadherin (E-cad, brown) was used to visualize E-cad positive A549 cells (bar = 100 pm).



Calu-6/PBMC co-cultures showed compact tissue archi-
tecture although with a loose margin and an asymmetric
shape. In contrast, Calu-6/SV80/PBMC tri-cultures showed
a roundish configuration, where CK18 positive Calu-6 can-
cer cells were located in the core of the microtissues. CK18
negative SV80 fibroblasts formed an envelope-like fringe
around the tumor cells. In Calu-6/PBMC co-cultures,
PBMCs were distributed over the whole microtissue. In
contrast, Calu-6/SV80/PBMC tri-cultures showed that
PBMCs were clustered at the margin of the microtissue in
the fibroblasts envelope (Fig. 10).

To further evaluate the infiltration capacity of CD3" T lym-
phocytes and CD8* T cytotoxic lymphocytes, staining with the
respective antibodies was performed. In A549/PBMC co-cul-
tures, only scattered infiltrating CD3% and CD8" cells were
observed, while in A549/SV80/PBMC tri-cultures an increased
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amount of CD3" and CD8™ cells were seen compared to the
co-cultures. In both the A549 co- and tri-culture, these cells
were located within the center of the microtissue (Fig. 11).

In Calu-6/PBMC co-cultures, CD3%" and CD8" PBMCs
were disseminated over the whole microtissue, whereas in
Calu-6/SV80/PBMC tri-culture, CD3* and CD8" lymphocytes
where rather concentrated at the peripheral area of the micro-
tissue at the contact area between fibroblasts and cancer cells
(Fig. 12)

Discussion

Recent studies have proven the increasing prognostic impact of
cancer infiltrating lymphocytes'® and represent a new field of
cancer treatment which is based on the interaction between
cancer tissues and infiltrating immune cells.

Calu-6

CD45

CD45/CK18

Calu-6+PBMC

-v-\“ s _egm.w
SV AT
Py LA S Xl P
A IRl _‘._-”" A

CD45/CK18

Figure 10. Immunohistochemical staining — Calu-6. Tissue sections were stained on CD45 (red) to visualize infiltrating CD45™ PBMCs in cancer cell and cancer cell/fibro-
blast microtissues. To discriminate between cancer cells and fibroblasts, a staining on cytokeratin 18 (CK18, brown) was used to visualize CK18 positive Calu-6 cells (bar =

100 um).
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Figure 11. Immunohistochemical staining — CD3 and CD8" (A549). Tissue sections were stained on CD3 or CD8" (brown) to visualize infiltrating CD3" and CD8"
lymphocytes in cancer cell and cancer cell/fibroblast microtissues (bar = 100 zzm).
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Figure 12. Immunohistochemical staining — CD3 and CD8" (Calu-6). Tissue sections were stained on CD3 or CD8" (brown) to visualize infiltrating CD3" and CD8"
lymphocytes in cancer cell and cancer cell/fibroblast microtissues (bar = 100 pm).



As carcinomas such as lung cancer are not a homoge-
nous cluster of cancer cells, but also resemble healthy tis-
sues by consisting of a stromal backbone and a highly
active tumor microenvironment, these components contrib-
ute to immunological processes within the tumor such as
immune cell infiltration. Hereof, a central mechanism in
cancer development and progression is the so-called epithe-
lial-to-mesenchymal transition (EMT), which causes epithe-
lial carcinoma cell to obtain a mesenchymal phenotype,
what is accompanied by an increased metastatic potential,
altered chemosensitivity and changes regarding the interac-
tion with the immune system.'”” EMT can be caused by the
interaction of the tumor stroma such as mesenchymal fibro-
blasts with the epithelial-like cancer cells.'® Recent studies
showed that EMT causes an altered immune response in
cancer tissues by enhancing the expression of markers such
as CTLA-4 or PD-L1 and increasing the infiltration of spe-
cific CD3" lymphocyte subpopulations.'” Regarding the
EMT, based on our previously published data, an innovative
3D cell culture system was used to generate microtissues
consisting of cancer and stromal cells,”® which were then
incubated with PBMCs to simulate an in vivo-like tumor
infiltration of immune cells.”!

Analysis of cytokine expression revealed the SV80 fibro-
blasts as a primary origin of cytokines, which were constitu-
tively expressed in the co-cultures of cancer cells and tumor
cells. These results are supported by recent literature.”> Appli-
cation of IL-5 and IL-6 reveals a significant increase of Ty
and Ttg lymphocytes. These data suggest that these cytokines
are key mediators of differentiated T lymphocyte infiltration in
our model.

Moreover, cancer microtissues comprising a tumor stroma
show an increased secretion of chemokines enhancing the
migration of T lymphocytes compared to cancer tissues without
a stromal backbone. These data indicate that the tumor stroma
and its interaction with cancer cells might be crucial for
immune cell infiltration in general and particularly for T
lymphocytes.

In summary, we demonstrate that our multicellular cell cul-
ture system has a viable tumor microenvironment with a func-
tioning intercellular communication via cytokines and
chemokines. Therefore, our model system is an adequate model
to study the interaction of the tumor microenvironment and
infiltrating immune cells.

Differences between solid tumors with high and low stromal
components are of major interest, although our understanding
of the in vitro and in vivo conditions still remains insufficient.
Previous data already suggest that stromal cells modulate T cell
behavior in cancer tissues.**

We demonstrate that the presence of fibroblasts within
in the tumor microenvironment causes an increased infil-
tration of activated CD697CD8* T lymphocytes. Recent
studies already showed that differentiated T lymphocytes
such effector memory T cells are the main responsible sub-
populations for tumor surveillance.”*> We provide evidence
that the stromal backbone of cancer tissues supports also
the infiltration of activated T lymphocytes. Thus, cancer
entities consisting of a high stromal component might be
more susceptible to antitumor effects mediated by the
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immune system due to increased infiltration of activated T
lymphocytes subpopulations.

Further analysis of specific surface markers on CD3*CD8"
lymphocytes revealed an altered infiltration of CD49d* cyto-
toxic T lymphocytes in cancer microtissues consisting of stro-
mal cells and cancer cells. As CD49d, also called Integrin -4,
represents a crucial surface protein for the trans-endothelial
invasion and tissue migration mechanism of immune cells, our
data suggest that the tumor stroma contributes to the migration
process of T lymphocytes into cancer tissues. Compared with
cancer microtissues without fibroblasts, microtissues consisting
of cancer cells and fibroblasts show an increased secretion of
fractalkine (CX3CL1), an interaction partner of the dimeric
surface protein complex integrin-w4f1 involving CD49d
(integrin—oz4).23

These results provide evidence that stromal components of
solid tumors actively contribute to cancer immunological pro-
cesses and support the migration process of CD8* lymphocytes
as well as the infiltration of activated CD8* T lymphocyte sub-
populations. Furthermore, our data suggest that these processes
are mediated by the secretion of specific T lymphocyte targeting
chemokines, which are increased in the tumor microenviron-
ment due to an intense interaction between cancer cells and
fibroblasts.

Cancer tissue architecture represents a crucial element in
the pathophysiology of disease progression. Beneath specific
aspects such as aberrant blood vessel configuration, the
localization of cancer cells and stromal cells in the cancer
tissue contribute to altered immune cells infiltration.”* Our
data show that fibroblasts within cancer microtissues pre-
vent immune cells from infiltrating into the core of the
microtissue. Instead, the majority of immune cells are
restrained around the contact zone between cancer cells
and fibroblasts, the so-called invasive margin. These find-
ings are in accordance with recent in vivo studies,>*°
although further evaluation is essential for a deeper under-
standing. By comparing microtissues with different stroma/
cancer cell structures, our work provides evidence that
beneath the influence of cytokines and chemokines, the
mechanical tissue configuration of the invasive margin
seems to contribute to immune cell restraint.

Chemotaxis conducted by the secretion activity of fibro-
blasts might explain such observations.”***** To analyze
whether this effect is caused by the interaction of cancer
cells with fibroblasts or just evoked by the fibroblasts at the
margin of the co-culture microtissues, further experiments
have to be performed involving additional cancer and fibro-
blast cell lines.

Our 3D model system has been proven to be effective for
infiltration studies under allogenic conditions.?! Thus, it repre-
sents a promising tool for further evaluation of immunomodu-
latory drugs, which target immune cell homing and infiltration
of cancer tissues as well as the identification of biomarkers
based on specific infiltrating lymphocyte subpopulations.

Further investigations will focus on the involvement of pri-
mary cancer material to obtain an autologous setting. This set-
ting will have specific advantages compared to the present
allogeneic model, as it would enable not only the investigation
of the infiltration of immune cells, but also their cytotoxic
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effects on the cancer microtissue under MHC matched
conditions.

Although further validation is required, we describe for the
first time a multicellular 3D culture system that reflects in vivo
conditions of immunological processes within the tumor
microenvironment.

Conclusion

In summary, this work highlights the influence of the stromal
component of the tumor on immune cells infiltration. We are
able to show that cancer microtissues comprising cancer-
associated fibroblasts are infiltrated by activated CD69" and
CD49d* cytotoxic T lymphocyte subpopulations compared to
cancer microtissues without fibroblasts. Moreover, we show
that the tumor stroma supports the tissue migration of
CD3*CD8" T lymphocytes. These effects seem to be triggered
by an enhanced secretion of T lymphocyte targeting chemo-
kines caused by the interaction of the stromal backbone with
the cancer cells. Moreover, the interaction of the invasive mar-
gin of cancer tissues with infiltrating immune cells is influenced
by specific chemokine patterns and the configuration of the
stroma-cancer cell architecture. Whether these findings can
contribute to the development of novel biomarkers and immu-
notherapeutic agents is evaluated in ongoing studies.

Material & methods
Cell lines

The human NSCLC cell lines A549 and Calu-6 (Deutsche
Sammlung von Mikroorganismen und Zellkulturen (DSMZ),
Germany: ACC107, ACC196 and ACC734) and the human
fibroblasts cell line SV80 (Cell line services, Germany: 300345)
were cultured in DMEM (PAA, Pasching, Austria) supple-
mented with 10% fetal bovine serum (FBS) (Sigma-Aldrich,
Munich, Germany, Lot 010M3396) and 100 U/mL penicillin,
100 pg/mL streptomycin and 2 mM L-Glutamine (PAA). Cells
were incubated at 37 °C and 5% CO,.

3D cell culture

3D cell culture was performed as in our previously described
protocol.”” The “GravityPLUS™” microtissue culture system
(InSphero AG, Ziirich, Switzerland) was used for the produc-
tion of 3D microtissues.

Cell lines were cultivated as conventional 2D monolayer in
cell culture plates (Falcon) until they reached subconfluency.
Cells were then washed once with PBS and detached with 1x
Accutase (PAA) for 10 min at 37 °C. Enzymatic reaction was
stopped by adding 20 mL cell culture medium. Afterwards, cells
were counted and 40 uL of cell suspension were seeded per well
in the hanging drop plate. Medium exchange was performed
every four days by removing 20 L medium and adding the
same volume of fresh medium was added.

Microtissues were harvested by flushing the microcapillaries
of each well with 65 L PBS. The obtained microtissues were
collected in a 96-well harvesting plate (InSphero) placed under-
neath the culture plate.

Isolation of PBMC

Anonymized leftover specimens of blood donations were pro-
vided by the blood bank of the Medical University of Inns-
bruck. Utilization of these specimens had been approved by the
ethics committee of the Medical University of Innsbruck
(AN2014-0353 345/4.1 - 3673a) and was conducted in accor-
dance with the principles of the Declaration of Helsinki.

Leftover specimens of blood donors were rapidly processed
within 1 d after they were removed from the storage incubator.
PBMCs were isolated via Ficoll density gradient centrifugation.
Therefore, fresh blood was diluted 1:1 with physiological
sodium chloride solution. 30 mL of the diluted blood were
gently pipetted over a 15 mL Lymphoprep™ phase in a 50 mL
Falcon tube. The blood sample was then centrifuged at 800 g
for 20 min at room temperature in a swing-out rotor. After cen-
trifugation, the interface containing PBMC was aspirated and
pooled in a 50 mL Falcon. PBMCs were then washed twice
with MACS Buffer (PBS containing 2 mM EDTA and 0.5%
human serum albumin (HSA)) and centrifuged at 400 g for
5 min at room temperature.

For PBMC, RPMI medium supplemented with 10% FBS
(Sigma-Aldrich) and 100 U/mL penicillin, 100 pg/mL strepto-
mycin and 2 mM L-Glutamine (PAA) was used.

For cryopreservation, PBMCs were centrifuged and diluted
in “Cryo-SFM” freezing medium (PromoCell, Heidelberg, Ger-
many). Afterwards, cells were stored at —80 °C until usage. If
needed, PBMCs were thawed quickly in a 37 °C water bath and
then diluted in pre-warmed complete medium (RPMI contain-
ing 10% FBS)

Multicellular cultivation

Microtissues were cultivated in the hanging drops system for
10 d as described above to generate microtissues. For monocul-
tures of A549 and Calu-6 cells, 2,500 cells per well were seeded.
For co-cultures of A549 or Calu-6 cells with SV80 fibroblasts,
2,500 cancer cells (A549 or Calu-6) together with 5,000 SV80
cells were seed. On day 10, 20 L medium (DMEM) were
removed and 20 uL RPMI with 25,000 isolated PBMCs were
added per well. The tumor cell/PBMC co-cultures were then
incubated for 24 h at 37 °C and 5% CO,. Cytokines were added
to obtain concentrations as described below.

Within one experiment both cancer cell lines were incubated
with PBMC:s of the same donor. Different PBMC samples were
used for each repetition. To identify changes of infiltrating
PBMC subpopulation due to co-cultivation with tumor micro-
tissues, a control with PBMCs alone was performed.

Cytokine and chemokine profiling of supernatants

To determine concentrations of cytokines and chemokines
involved in the development and trafficking of immune cells, in
supernatants of cancer microtissues, the ProcartaPlex™ Essen-
tial Human Th1/Th2 immunoassay (Affymetrix, eBioscience)
and the Bio-Plex ProTM Human Chemokine Assay (Bio-Rad,
USA) were used according to manufacturers’ instructions. In
brief, supernatants of 24 single spheroids per approach were
harvested and pooled on day 11 after starting 3D cell cultures.



To remove remaining cells, pooled supernatants were centri-
fuged at 1,000 g at 4 °C for 15 min. Subsequently, a second cen-
trifugation step was performed at 10,000 g at 4 °C for 10 min to
remove cell debris. All samples were then snap-frozen in liquid
nitrogen and stored at —80 °C until use. After thawing the sam-
ples on ice, further sample preparation was performed accord-
ing to the instructions of manufacturer

Samples were measured using a Magpix (Luminex) and data
were analyzed by the “xPONENT 4.2” software (Luminex). For
this study, we analyzed TNF-«, IL-2, IL-5, IL-6, IL-12p70 from
the ProcartaPlexTM-assay and Fractalkine/CX3CL1, MIG/
CXCL9, 6Ckine/CCL21, BCA-1/CXCL13, CTACK/CCL27, I-
TAC/CXCL11, MCP-1/CCL2, MIP-3B8/CCL19, SDF-la+p/
CXCL12, TARC/CCL17 and TECK/CCL25 from the Bio-Plex
ProTM-assay. Calculated means represents data from three
independent experiments. For each single experiment, PBMCs
from a different donor were used and measurements were done
in duplicates. The upper limit of quantitation (ULOQ) and
lower limit of quantitation (LLOQ) are specified in the supple-
mentary file (Sup. 5).

Cytokine stimulation

The cytokines IL-2 (#200-02), II-5 (#200-05), IL-6 (#200-06)
and TNFa (#300-01A-50) were purchased from PeproTech
(Rocky Hill, New Jersey, USA). Stock solution of the cytokines
were dissolved in distilled water and stored at —20 °C prior to
usage. IL-2 was used in a final concentration of 100 U/ml, IL-5,
IL-6 and TNFo were used in a final working concentration of 5
ng/mL. Microtissues were cultivated for 10 days and cytokines
were added together with PBMCs for 24 h of co-incubation.
Analysis of infiltrating PBMC subpopulations was performed
with flow cytometry as described above.

Analysis of immune markers

Subpopulations of infiltrating PBMC in co-culture microtissues
were investigated with flow cytometry in our 3D cell culture.
CD3 (BD, #5566166), CD4" (BioLegend, USA, #5317439),
CD8' (BD, USA, #5557834), CD14 (BD, #5550787), CD25
(BD, #5557741), CD19 (BioLegend, #5353419), CD19 (BD,
#5348814), CD27 (BD, #5337169), CD28 (eBioscience, USA,
#517-0289-102), CD39 (Miltenyi Biotec 130-099-383), CD31
(BioLegend, #5303122), CD45 (BD, #5566041), CD45R0 (BioL-
egend, #5304223), CD45RA (BioLegend, #5304135), CD49d
(BD, #555503), CD56 (BD, #5564058), CD57 (BD, 333169),
CD69 (BioLegend, #310906), CD95 (eBioscience, #525-0959-
42), CD127 (BD, #5562436) and HLA-DR (BD, #5564041)
were used.

Microtissues were cultivated as described above. Afterwards,
25-75 microtissues were pooled from each approach. Subse-
quently, supernatant was withdrawn after the microtissues had
sedimented to the bottom of the tube. Then, microtissues were
washed twice with PBS and centrifuged, followed by enzymatic
disaggregation of the microtissues in 100 uL of collagenase
from clostridium histolyticum at a concentration of 1 mg/mL
(Sigma-Aldrich, USA) for 15 min at 37 °C and 5% CO,, Enzy-
matic reaction was stopped with 500 uL medium and single
cell suspensions were washed twice with PBS containing 1%
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BSA. Cells were then incubated with 1 xL of each antibody in
100 nL PBS containing 1% BSA (dilution 1:100) for 30 min at
4 °C. Finally, cells were washed with PBS/1% BSA and analyzed
by a FACS Canto II device.

CD45 positivity was used to define PBMCs. Regarding the differ-
ent PBMC subpopulations, monocytes are defined as
CD45%7CD14" cells and lymphocytes as CD45"CD14~CD3" cells
and T lymphocytes as CD457CD14~CD3" cells. Cytotoxic T lym-
phocytes are identified as CD45"CD14~CD3*CD8" PBMCs. T
helper cells are specified by CD45"CD14~CD3"CD4™ positivity.
NK cells are determined as CD45"CD14~CD56" cells. Regarding
the different CD3*CD8" T lymphocyte subpopulations, naive T
lymphocytes are defined as CD3"CD8"CD28"CD95,,, cells, cen-
tral memory T lymphocytes as CD3"CD8"CD28" CD95;g, cells,
and effector memory T lymphocytes as CD3"CD8*CD28~
CD95intermediate Cells. In cytokine stimulation experiments, an addi-
tional subpopulation of terminal effector T lymphocytes is defined
as CD3"CD8"CD28 CD45RO"CD95™" cells. Regulatory T cells
are defined as CD45"CD3"CD4"CD127~ CD25,g, cells.

PBMC subpopulations infiltrating the microtissues were
analyzed by flow cytometry and quantified in absolute numbers
with the help of truecount™ beads (BD) for leukocytes, mono-
cytes, NK cells, CD3" lymphocytes, CD3*CD8* lymphocytes
and CD3"CD4"% lymphocytes. Absolute numbers for each
approach were measured and then divided by the number of
pooled microtissues to obtain the absolute number per micro-
tissue. Regarding the lymphocyte subpopulations, results were
calculated as percentages of the parental population.

Immunohistochemistry

Microtissue preparation and immunohistochemical staining
was performed as previously described.'®
Immunocytochemistry was performed on 4 um sections of
paraffin-embedded microtissues using a Ventana Roche Discov-
ery Immunostainer (Mannheim, Germany) in accordance to the
DAB MAP discovery research standard procedure. If required,
antigen retrieval was initiated by heat-induced unmasking of the
epitopes while the slides were immersed in accordance with the
manufacturer’s instructions (short, mild or standard for different
incubation times) in Citrate buffer (Cell Conditioning Solution
CC2, Ventana 760-107) or in EDTA buffer (Cell Conditioning
Solution CCI1, Ventana 950-124). After incubation of the
sections with an anti-CD3 (Ventana, #7904341), anti-CD8"
(Ventana, #7904460), anti-CD45 (Ventana, #5266912001), anti-
E-cadherin (Leica Biosystems, Wetzlar, Germany, #PA0387) or
anti-Cytokeratin 18 (Linaris Biologische Produkte, Dossenheim,
Germany, #E041) primary antibody at 37° C, a biotinylated
immunoglobulin cocktail of goat anti-mouse IgG, goat anti-
mouse IgM, goat anti-rabbit IgG and protein block (Discovery
Universal Antibody, Ventana) was added for 30 min at room
temperature. The detection was achieved using the DAB-MAP
Detection Kit (Ventana) and the RED-MAP Detection Kit
(Ventana). Sections were finally counterstained with hematoxylin
(Ventana) for 4 min. Denaturation between single immunostain-
ings was done by heat treatment at 85° C for 8 min.
Subsequently, sections were manually dehydrated in down-
graded alcohol series, cleared in xylene and coverslipped perma-
nently with Entellan™ (Merck, Darmstadt, Germany). Digital
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images immuno-stained slides were acquired in AxioVision
microscope software linked to an AxioCam HR color camera
and an AxioPlan 2 microscope (Zeiss, Jena, Germany).

Statistical analysis

For statistical analysis of the experiments, mean value and the
standard error of the mean (SEM) are specified. Data were ana-
lyzed by the ratio paired Student’s-¢-test (two-tailed) for statis-
tical significance with GraphPad PRISM (GraphPad Software
Inc., USA). Significant differences were defined as p values <
0.05 ("p < 0.05, **p < 0.005, ***p < 0.0005, “**p < 0.0001).
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