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Abstract— 1t has been well-demonstrated that cancer cells
can escape from the immune surveillance of Cytotoxic T
lymphocytes (CTL) and natural Kkiller cells (NK cells) by
modulating their MHC class I expression. In order to get insight
into the mechanism in which cancer cells regulate their MHC
class I expression in response to the attack of CTL and NK cells,
different concentration of effector cells were used to examine the
effects of low effector/target ratio on the MHC class I expression
shifting, tanswells were used to separate effector cells and target
cells in culture to check if the cell to cell contact is required for
the MHC class I expression shifting, and intracellular flow
cytometry was used to determine if MHC class I protein
synthesis in cancer cells were also changed with their surface
antigen in current studies. Our data indicate that (1) both
elimination of target cells and direct regulation of MHC class I
expression in target cells contributed to modulation of MHC
class I expression in cancer cells; (2) effector cell
mediated-regulation of MHC class I expression in cancer cells
required cell to cell contact; (3) the shifting of surface MHC
class I antigen on the cancer cells might be caused by the change
of MHC class I protein synthesis in cancer cells; and (4)
application of inadequate numbers of effector cells may induce
immune evasion of cancer cells, a cautionary tale for future
clinical studies.

Index Terms— Cancer, Cell Therapy, T-cells, NK Cells,
MHC

I. INTRODUCTION

Cytotoxic immunocytes play critical role in preventing
cancer development by the effective elimination of cancer
cells [1], [2]. Cytotoxic T lymphocytes (CTL) and natural
killer cells (NK cells) are two main subsets of these cytotoxic
immunocytes which have the function of cancer immune
surveillance [3]-[5]. As targets of CTL, the cancer cells need
to express both MHC class I antigen and cancer specific
antigen, while NK cells can recognize and kill MHC class I
negative cells. Thus, CTL and NK cells respectively work on
MHC class I positive and negative cancer cells, and build a
very powerful barrier against cancer together [5]. However,
some cancer cells have the potential capacity to escape from
the attacks of these imuunocytes by modulating their MHC
class I expression. We and others have demonstrated [5]-[10]
MHC class I negative cells could become more dominant
when these cells were under the immune selection pressure
from CTL. Our recent studies also showed that the cancer
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cells could enhance their MHC class I expression to evade the
attack of NK cells and in vitro and in vivo experiments
demonstrated that the combined application of CLT and NK
cells could significantly increase anticancer efficiency in
cancer immunotherapy [5]. These data partially revealed the
immunological mechanism of cancer development. Based on
these findings, this study would further examine the
conditions of the MHC class I shifting in cancer cells with
CTL and NK cells, and clarify if the changes of MHC class I
expression in cancer cells are only passive procedures
provoked by immune section pressure or the cancer cells can
also actively modulate their MHC class I expression to adapt
to the environment with cytotoxic immunocytes.

II. MATERIAS AND METHODS

A. Human cancer cell culture

Lung cancer (PLs008, small cell lung cancer) primary
tumor tissues obtained from the ZYX Biotech Company
(Carrollton, TX, USA) were isolated and cultured as
described previously [5], [11]. Cells were seeded (4
cultures/cell line) in 10 ml cell culture bags at 2 x 10*/ml with
magnetic beads for ZYX bioreactor culture.” '*'? At the end
of the culture, cells were dissociated with enzyme-free cell
dissociation buffer (Thermo-Fisher Scientific, Waltham, MA)
and analyzed by flow cytometry for MHC class I antigen and
CDA45 expression.

B. Cell Enumeration and Flow Cytometry

Total cell counts were determined by hemacytometry
following Trypan blue staining and flow cytometry with
propidium iodide staining using standard procedure. CTL
enumeration was conducted using flow cytometry, and cell
markers were stained by means of established standard
protocols [18]-[22]. Specifically, lung cancer cells were
stained with FITC-anti-human HILA-A.B.C antibody
(Biolegend, San Diego, CA, Mouse IgG,, «) and
PE-anti-human CD45 (Biolegend, Mouse IgG;, k). CTLs
were stained with PerCP-anti-human CDS8 (Biolegend, Mouse
IgGy, ) [5], [11], [12-16]. Activated CTLs were stained with
PerCP-anti-human CD8 (Biolegend, Mouse IgG,;, k) and
PE-anti-human CD137 (Biolegend, Mouse 1gGy, ) [5], [11],
[17-19]. NK cells were defined as CD3 CD56" based on
staining with PerCP-anti-human CD3 (Biolegend, Mouse
1gG,,, k), FITC-anti-human CD56 (Biolegend, Mouse IgGy,
k) and PE-anti-human CD69 (Biolegend, Mouse 1gG, ) to
determine activation status® . Suitable isotype controls from
the same manufacturer were applied. Cells were stained
(including intracellular staining for the analysis of MHC class
I antigen expression in cancer cells) and analyzed as
described previously [S], [11], [12-16]. All cells from pre-
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and post- culture used for the staining were derived from the
same lot (cells from the same tissue and processed in the same
container at the same time). Flow-Check™ Fluorospheres
(Beckman Coulter, Inc. Cat#6605359) were used to calibrate
the flow cytometer prior to each use. In addition to the
percentage of positive cells, mean fluorescence intensity
(MFI) was used to evaluate the MHC class I expression.

C. Immune effector expansions

Commercially available pairs of autologous human cancer
cells (small cell lung cancer [PLs008]) [5], [11] and
peripheral blood mononuclear cells (PBMC, [Mnc013], ZYX
Biotech) from a normal healthy donor (as allogenic NK cell
targets) were used in this study. Cancer cells were
approximately 80% MHC class I-positive and 100%
CD45-negative. All mononuclear cell fractions contained at
least 10° CD3*CD45" cells. Cytokines and other reagents for
CTL and NK cell culture and detection have been described
previously. > ' '*' PLs008 cancer cells were used as
stimulators for CTL expansions and as targets for CTL and
NK cell |Iytic assays. Autologous PBMC were
bioreactor-sorted [5], [11] to separate CD3" and CD3"
fractions which were then stimulated to generate CTL and NK
cell effectors respectively. Established protocols [5], [11],
[12-16] with slight modifications were used in this study.
Briefly, (1) CD3" and CD3 cells from the mononuclear
fraction were separated in the bioreactor. The CD3" cells
were maintained in the original reaction chamber (1* RC) for
CTL expansion whereas the CD3" cells were sorted into an
auxiliary reaction chamber (2" RC) for NK cell expansion.
(2) For CTL expansions, cancer cells were grown and
enriched in cell culture bags for 6 days as described above.
Irradiated (20 Gy) cancer cells were cultured with the
corresponding autologous CD3" cells in the ZYX Bioreactor
[51, [11] in 8 ng/mL IL-2 and 10 ng/mL IL-7 for 12 days, as
determined previously [5], [11]. (3) For NK cell expansions,
autologous or allogenic CD3" cells were cultured in 8 ng/mL
IL-2, 50 ng/ml IL-12 and 10 ng/ml IL-18 for 12 days as
determined previously [5], [11], [12-16]. All cytokines were
purchased from PeproTech (Rocky Hill, NJ). (3) Following
cell expansion, CD8* cells were isolated from the 1* RC (for
CTL enrichment) and CD56" cells were isolated from the 2"
RC (for NK cell enrichment) by the automated
bioreactor-embedded cell sorter using anti-CD8 and
anti-CD56 magnetic separation beads (Miltenyi Biotec, San
Diego, CA) as described previously.” ' After isolation,
purities of CD8" cells and CD56" cells were > 95% and >
92%, respectively, and CD8*CD137" activated CTL[17]-[19]
and CD56"CD69" activated NK cell was > 88% and > 81%.
Controls consisted of SEB-stimulated cells, un-stimulated
cells, and/or cells stimulated with autologous tumor cells.

D. Analysis of cancer cell MHC class I expression

PBMC from both a patient and healthy donor were
processed for the activation and expansion of cancer-specific
CTL, autologous NK cells, and allogenic NK cells. Cancer
cell seeding density was 0.2 x 106/ml; CTL, NK cell, and
autologous PBMC seeding density was 0.5 - 1.0 x 10%ml.
IL-2 was added at a concentration of 8ng/ml during the
cytolytic expansion. Cells were cultured for 10 days and cells
were examined for their MHC class I expression by flow
cytometry at the end of co-culture.

E. Transwell assay

For examining the effects of the contacts between these
immunocytes and cancer cells on the MC class I antigen
expression on cancer cells, 0.2x10%ml lung cancer cells (in
the lower chamber) and 1x10%ml CTLs or NK cells (in the
upper chamber, transwell) were co-cultured in 10 ml per well
of 6-well Falcon multi-well plates with a surface area of 9.62
cm’® in Falcon polyurethane cell culture inserts (upper
chamber pre-coated with Collagen I/fibronectin/BSA, 0.4 mm
pore diameter, BD Labware, Franklin Lakes, NJ) [25]. MHC
class T expression on the CD45"# cancer cells were also
examined with flow cytometry on day 5 and day 10.

F. Data analysis

Analysis of variance was used to compare the numbers of
CTL and NK cell and the percent cell lysis between different
groups. SAS and SAS Statview (SAS Institute, Cary, NC,
USA) were used to perform analyses. A p-value < 0.05 was
considered to be significant. All experiments are the result of
six independent repetitions unless stated otherwise.

III. RESULTS

A. Impact of low concentration of CTL and NK cell on
cancer cell MHC class I expression in co-culture.

A higher effector: target ratio (E:T ratio) is required for
CTLs to function well in inhibiting or killing their target cells
[51, [11]. When the lung cancer cells expressing MHC class I
(HLA-A, B, C) at a pre-culture MFI of 162 (average of 6
detections with 83% of cells MHC class I-positive) were
co-cultured, the higher E:T ratio resulted in MHC class I shift
of the surviving cells. We investigated whether such a shift [5]
also occurs at lower E:T ratios. Figures 1A and 1B show that,
while target cell growth was not significantly inhibited, MHC
class I expression was still greatly decreased in the co-culture
with CTLs and increased with NK cells when the E:T ratio
was reduced by 50% to 2.5:1. These data suggest that
inadequate administration of cytotoxic immunocytes in
cancer cell therapy or partial inhibition of immune responses
to cancer cells in the body provide enough selection pressure
to promote immune evasion of cancer cells.

B. Mechanism by which tumor MHC class I expression is
regulated.

The shifts [5] observed in cancer cell MHC class I

expression could be passive due to simple selection
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Figure 1. Effects of low E:T ratios on MHC class I expression. Lung

cancer cells co-cultured with activated cytotoxic T lymphocytes (CTLs)

and/or natural killer (NK) cells. Figures 1A and 1B show the effects of

different E:T ratios on remaining cancer cell numbers (1A) and the

percentage of MHC class I positive cells (1B), respectively. These two

figures exhibit that the target cells were not significant inhibited (1A, p>0.2)

but MHC class I expression was still greatly decreased (1B) in the co-culture

with CTLs (p<0.01) and increased with NK cells (p<0.05) when the E/T ratio

was at 2.5:1, and both remaining cell number and MHC class I expression

were significantly affected (p<0.01) when the ET ratios reached 5:1. Error
bars = +SEM. *P < 0.05, **P < 0.01.
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pressure or could be an active regulatory process employed by
tumor cells as a defense mechanism. To distinguish between
these two hypotheses, MHC class I-positive cells and MHC
class I-negative cells were separated by cell sorting and
co-cultured with CTLs and NK cells (Figure 2-4),
respectively. This pre-separation of highly positive from
strictly negative populations eliminated the possibility of
simple selection pressure as the mechanism of MHC class 1
shift in subsequent experiments. Despite pre-separation, the
MHC class I-positive cells still exhibited a significant
reduction in MHC class I expression when co-cultured with
CTLs (Figures 2A and 2B, Figures 3A and B, and Figures 3a3
and 3c3) in comparison to the no effector control. Similarly,
the MHC class I-negative cells significantly increased MHC
class I expression (Figure 2C and 2D, Figure 3C and 3D, and
Figure 4b3 and 4b4) when cultured with NK cell effectors.
These results suggested some level of bona fide active
regulation of tumor cell surface MHC class 1.

Contact and/or adhesion between effectors and target cells
is critical for cell killing [25]-[31]. However, it remains
unclear whether cell contact is also required for effector cell
modulation of MHC class I antigen expression in cancer cells.
To address this issues, MHC class I positive and negative
cancer cells were co-cultured with CTLs and NK cells in
transwells [24]. As shown in figure 2, in the co-culture with
CTL, the MHC class I MFI level (figure 2A and 2B) declined
significantly in the culture with CTLs mixed with cancer cells
but not in the cultures without effectors or in the cultures with
effectors separated from target cells by transwells. The
percentage (Figures 3A and 3B, Figure 4al-a4 and 4c1-c4) of
MHC class I positive cancer cells decreased from > 98% to
65%, while MHC class I in no effector and transwell
co-cultures decreased only non-significantly. Similarly, in the
co-culture with NK cells (Figures 2C, 2D, 3C, 3D, 4b1-b4 and
4d1-Cd4), MHC class I expression was up-regulated in the
cultures in which NK cells and cancer cells were mixed but
not in cultured in which effectors and targets were separated
by transwells. These data suggest the contact between cancer
cells and effector cells is critical for regulation of MHC class I
expression on cancer cells.
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Figure 2. Effect of contact between CTL effectors and targets on the
mean fluorescence intensity (MFI) of MHC class I antigen in cancer
cells. Small cell lung cancer cells were sorted with ZYX bioreactor using
positive selection program for MHC class I positive cell isolation and the
eluted cells were further sorted using negative selection program for the
isolation of highly purified MHC class I negative cells. Cancer cells were
seeded in 6 well plates with/without 1 x 10° effectors (activated CTLs or NK
cells). Transwells were used to separate the target cancer cells and effectors.
Target cells were seeded in the lower chambers, and effectors were seeded in
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the upper chambers. MHC class I-positive cells were used to test the effect of
CTL on MHC class I expression, and MHC class I-negative cells were used
to evaluate the effect of NK cells on the MHC class I expression. Each group
comprised six independent cultures. MHC class I MFI of effectors and
cancer cells cultured alone (No effectors), together (With effectors), or
together separated by a transwell (Sep effectors). All cells were stained for
MHC lass I and CD45, and CD45 negative cells were analyzed to assess the
MHC class I expression of cancer cells. In 2A and 2B, cancer cells were
cultured with CTLs, and in 2C and 2D, cancer cells were cultured with NK
cells; in 2A and 2C, cancer cell surface staining for MHC class I expression
was conducted for flow cytometry analysis, in 2B and 2D, cancer cells were
intracellularly stained for MHC class I expression analysis. 2A and 2B
respectively exhibit the MHC class I-positive cancer cells in contact with
CTLs significantly decrease their MHC class I expression on the surface of
the cells and inside the cell in comparison with other groups. 2C and 2D
show the MHC class I negative cancer cells in contact with NK cells (With
effectors) significantly increases the MHC class I expression in both surface
stain and intracellular stain when compared to other groups. The cancer cells
separated from effectors by transwell (Sep effectors) were not significantly
affected by effector cells for their MHC class I expression in comparison
with the cultures without effectors (No effectors, p>0.05). Data are
represented as means +SE; *p< 0.05.

When intracellular MHC class I antigen was analyzed with
flow cytometry [5], [12], it was found that the expression of
intracellular MHC class I shifted in parallel with that of cell
surface MHC class I and was significantly down-regulated by
CTLs (Figures 2B, 3B, 4cl-c4, p < 0.01) yet significantly
up-regulated by NK cells (Figures 2D, 3D, 4d1-d4, p < 0.05),
suggesting that cancer cells might evade or retard attack from
CTLs and NK cells by regulating MHC class I synthesis.

IV. DISCUSSION

The phenotypic heterogeneity among cancer cells, caused
by genetic or epigenetic alterations, affects immune response
[32]-[35], in which the percentage of various types of MHC
class I'loss could be variable [35]. The diversity of MHC class
I expression in cancer is closely associated to CTL and NK
cell-mediated
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Figure 3. Effect of contact between CTL effectors and targets on the
percentage of MHC class I positive cancer cells. Cell culture condition is
the same as that for Figure 2. In 3A and 3B, cancer cells were cultured with
CTLs and in 3C and 3D cancer cells were cultured with NK cells; in 3A and
3C, cancer cell surface staining for MHC class I expression was conducted
for flow cytometry analysis, in 3B and 3D, cancer cells were intracellularly
stained for MHC class I expression analysis. 3A and 3B exhibit the cancer
cells in contact with CTLs significantly reduce MHC class I-positive cells in
both the surface stain and intracellular stain when compared with other
groups. 3C and 3D show the cancer cells in contact with NK cells (With
effectors) significantly increases the MHC class I-positive cells in MHC
class I-negative cells in both surface stain and intracellular stain when
compared to other groups (*p<0.01). The cancer cells separated from
effectors by transwell (Sep effectors) were not significantly affected by
effector cells for their MHC class I expression in comparison with the
cultures without effectors (No effectors, p>0.05). Data are represented as
means +SE; *p< 0.05.
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Figure 4. Representative flow cytometry histograms of MHC class I
expression in cancer cells. Cell culture condition is the same as that for
Figure 2. On day 10 following culture: in al-a4, MHC class I- positive
cancer cells were examined in the co-culture with CTLs and cells surface
MHC class I antigen was analyzed; in b1-b4, MHC class I- negative cancer
cells with NK cells and cell surface MHC class I antigen was analyzed; in
cl-c4, MHC class I- positive cancer cells with CTLs and intracellular MHC
class I antigen was analyzed; and in d1-d4, MHC class I- negative cancer
cells with NK cells and intracellular MHC class I antigen was analyzed.
al-dl are isotype controls; a2-d2 are controls containing only target cancer
cells; a3-d3 are co-cultures of cancer cells and effector cells (a3 and ¢3 for
CTL, b3 and d3 for NK cell); and a4-d4 are co-cultures in which cancer cells
and effector cells were separated by transwells.

anticancer immunity [34], [35]. The molecular alternations
underling MHC class I loss could be reversible or irreversible
[32], [36]-[39] and are mainly resulted from immune selection
pressure of antitumor CD8" T cells [34], [35]. Consistent with
these findings, the data in our current studies exhibited that
PLs008 Iung cancer cells could increase or decrease their
MHC class I expression when they co-cultured with different
cytotoxic imunocytes. In addition to the CTL-related MHC
class 1 reduction in cancer cells, we also found NK
cell-associated MHC class I enhancement, and both immune
selection and direct regulation of CTLs and NK cells to the
MHC class I expression of cancer cells would contribute to
the immune evasion of the cancer cells.

Our results indicated significant modulation in expression
of MHC class I in many cancer cells and cancer cell lines in
response to co-culture with immune effectors as well as the
existence of a potential mechanism for evading the host
immune response as suggested by previous studies [5],
[32]-[40]. The data further reveal that the expression of MHC
class I antigens was modulated under certain conditions,
particularly under the stress of CTL or NK cell attack, leading
to cancer cell immune evasion and proliferation of resistant
cells.

We also found significant evidence that the mechanism by
which tumor cells modulate surface MHC expression in
response to cytolytic attack is an active process. This apparent
ability of cancer cells to adapt in response to selection

pressure from immunocyte effectors could be an important
mechanism by which cancer cells evade immune surveillance
and a critical reason for failures of previous anticancer cell
therapies. This is consistent with our previous studies in
which when we co-cultured cancer cells with cancer-specific
CTLs and NK cells together, the number of remaining cancer
cells was significantly reduced in comparison to co-cultures
with CTLs or co-cultures with NK cells alone [5]

Our data showed the MHC class I expression did not only
shift on the surface of the cancer cells in response to the attack
of cytotoxic lymphocytes, but also had corresponding
intracellular changes, suggesting that the MHC class I protein
synthesis was up- or down-regulated, and a further studies on
this regulation signaling pathway could be helpful for the
development of new strategies in the prevention of cancer
immune evasion.

One of the reasons for the failure of cancer immune therapy
is that the cancer patients in clinical trials are often at very late
stage of the disease, and such patients have a huge amount of
cancer cells in their bodies. In these cases, the immunocytes
used for the adoptive transfer are often inadequate to
effectively kill cancer cells. Our current study indicates the
inadequate immunocytes co-cultured with cancer cells could
potentially induce immune evasion of cancer cells and might
result in a higher possibility for the failure of succeeding cell
therapy in clinic. Therefore, for a more ideal therapeutic
effect, CTL and NK cells should be administrated after most
cancer cells are removed by surgery, chemotherapy or/and
radiotherapy.

In summary, our study demonstrated that (1) both
elimination of target cells and direct regulation of MHC class
I expression in target cells contributed to effector modulation
of MHC class I expression in cancer cells; (2) effector cell
mediated-regulation of MHC class I expression in cancer cells
required cell to cell contact; (3) the shifting of surface MHC
class I antigen on the cancer cells might be caused by the
change of intracellular MHC class I expression; and (4)
application of inadequate numbers of effector cells may
induce immune evasion of cancer cells, a cautionary tale for
future clinical studies. Additional in vitro and in vivo studies
will be necessary to validate these findings and to translate
them into clinical practice.
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