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ABSTRACT

It is increasingly recognized that trastuzumab, an antibody approved for treating human epidermal growth
factor receptor 2 (HER2)-overexpressing breast cancer, exerts some of its antitumor effects through
enhanced T cell responses. Full activation of CD8" T cells requires both expression of major
histocompatibility complex class | molecules (HLA-ABC) and expression of the T cell costimulatory
molecule CD80 or CD86; however, the impact of trastuzumab treatment on the expression of HLA-ABC
and CD80 and CD86 has not been investigated in HER2-overexpressing breast cancer cells. In this study,
we found that, while there is no direct correlation between the expression of HER2 and HLA-ABC in breast
cancer, knockdown of HER2 or inhibition of HER2 kinase by lapatinib downregulated HLA-ABC expression.
Trastuzumab had no meaningful effects on HLA-ABC expression in HER2-overexpressing breast cancer
cells in monoculture; however, treatment of such cells with trastuzumab in co-culture with human
peripheral blood mononuclear cells (PBMC) significantly upregulated not only HLA-ABC expression but
also CD86 expression. We showed that this upregulation was mediated by interferon gamma (IFNy)
secreted from the natural killer (NK) cells in PBMC as a result of engagement of NK cells by trastuzumab.
We further confirmed this effect of trastuzumab in vivo using a mouse mammary tumor model transduced
to overexpress human HER2. Together, our data provide evidence that trastuzumab upregulates
expression of HLA-ABC and T cell costimulatory molecules in HER2-overexpressing breast cancer cells in
the presence of PBMC, which supports the view that T-cell-mediated immune responses are involved in
trastuzumab-mediated antitumor effects.

Abbreviations: APC, allophycocyanin; ELISA, enzyme-linked immunosorbent assay; FITC, fluorescein isothiocyanate;
HER2, human epidermal growth factor receptor 2; HLA, human leukocyte antigens; HLA-ABC, HLA-A, HLA-B, sand
HLA-G; IFNy, interferon gamma; MFI, mean fluorescence intensity; MHC-I, major histocompatibility complex class |;
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Introduction

Nearly 20-25% of breast cancers overexpress HER2, which is
causally related to breast cancer progression, recurrence, and
metastasis.”> Trastuzumab, an HER2-targeting antibody
approved by the US Food and Drug Administration to treat
HER2-overexpressing breast cancer, has significantly improved
clinical outcomes of patients with the disease, which is very
aggressive and once was very hard to treat.>* However, trastu-
zumab resistance is common in the clinic; further improvement
of this treatment is needed.’

Known mechanisms of action of trastuzumab following
binding of trastuzumab to the extracellular domain of HER2
include (1) downregulation of HER2 kinase-mediated down-
stream cell signaling and resulting inhibition of breast cancer
cell survival, cell proliferation, and tumor angiogenesis and
resulting sensitization of breast cancer cells to chemotherapy
and radiotherapy,*” and (2) engagement of immune effector
cells, mostly NK cells, via the Fc region of trastuzumab to
release perforin and granzyme B, which directly kill targeted

cells, ie., antibody-dependent cell-mediated cytotoxicity.'®"!

Furthermore, recent animal studies showed that a trastuzu-
mab-like antibody (anti-HER2/neu antibody) lost its antitu-
mor activity if CD8" T cell immunity was completely
abrogated, suggesting that adaptive immune responses are also
involved in trastuzumab-mediated antitumor activity.'> Clini-
cal trials have shown that patients with better response to tras-
tuzumab had more tumor-infiltrating lymphocytes and NK
cells present in the tumor stroma.'>'® Trastuzumab-treated
HER2-overexpressing breast cancer cells were more suscepti-
ble to HER2-specific CD8" cytotoxic T cells in vitro than
were HER2-overexpressing breast cancer cells not treated with
trastuzumab.'”

Expression of major histocompatibility complex class I
(MHC-I) molecules, which are known as HLA-A, HLA-B, and
HLA-C antigens (HLA-ABC) in humans and H-2 antigens in
mice, is necessary and crucial for proper presentation of specific
antigens on the cancer cell surface for recognition by cytotoxic
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CD8™ T cells."®" However, cancer cells are known to deploy
multiple immunosuppressive mechanisms, including downre-
gulation of MHC-I expression, to evade T cell responses.'® A
few early studies reported an inverse correlation between HER2
level and HLA-ABC expression in some breast cancer cell
lines.”*** Also playing a role in T cell activation are the CD80
and CD86 T cell costimulatory molecules, which provide sec-
ond signals necessary for T cell activation and survival through
binding to CD28 on the T cell surface and also binding to
CTLA-4 for attenuation of the regulation. Expression of CD80
and CD86 is found not only in antigen-presenting cells but also
in some human cancer cell lines.”>** Whether trastuzumab
treatment has any impact on the expression of CD80 and
CD86 in HER2-overexpressing breast cancer cells has not been
investigated.

In this study, we first examined whether targeting HER2
has an effect on the level of HLA-ABC expression in
HER2-overexpressing breast cancer cells by treating such
cells with HER2 siRNA, an HER2 kinase inhibitor (lapati-
nib), and trastuzumab. Next, we tested the impact of trastu-
zumab treatment on the expression of HLA-ABC and CD80
and CD86 in HER2-overexpressing breast cancer cells in
the presence of PBMC and in a mouse mammary tumor
model transduced to overexpress human HER2. Our results
showed that trastuzumab upregulated the expression of
HLA-ABC and CD86 in HER2-overexpressing breast cancer
cells in the presence of PMBC and that this upregulation
was mediated by IFNy released from NK cells through
engagement of NK cells by trastuzumab.

Results

Lack of significant inverse correlation between HER2
expression level and HLA-ABC expression level across a
panel of human breast cancer cell lines

To determine if there is an inverse relationship between
HER2 expression level and HLA-ABC expression level
across multiple human breast cancer cell lines, we first
examined expression of HLA-ABC in a panel of ten breast
cancer cell lines with different levels of HER2 expression
using flow cytometry analysis after double-staining of the
cells with trastuzumab plus fluorescein isothiocyanate
(FITC)-conjugated anti-human IgG antibody and allophyco-
cyanin (APC)-conjugated anti-HLA-ABC antibody. As
shown in Fig. 1A, in which the ten cell lines are arranged
from low to high with respect to mean fluorescence inten-
sity (MFI) value of HER2 expression, cell lines with low or
undetectable levels of HER2 expression had MFI values of
HLA-ABC expression ranging from very high (in MDA-
MB-231 and T47D cells) to very low (in MCF7 and ZR75B
cells). Cell lines with high levels of HER2 expression also
had MFI values of HLA-ABC expression ranging from high
(in MDA-MB-361, SUM190, and HCC1954 cells) to rela-
tively low (in MDA-MB-453, SKBR3, and BT474 cells).
Pearson correlation analysis showed no significant inverse
correlation between HER2 expression and HLA-ABC
expression in the cell line panel in terms of either MFI val-
ues (p = 0.21) or percentages of positive cells (p = 0.44)

(Fig. 1B). Together, these data suggest that there is no
definitive inverse correlation between the levels of HER2
and HLA-ABC expression among these human breast can-
cer cell lines.

Effect of altering HER2 level or kinase activity on the level
of HLA-ABC expression in breast cancer cells

To determine whether there is a causal relationship between
HER?2 expression and HLA-ABC expression in HER2-overex-
pressing breast cancer cells within the same genetic context, we
first compared the HLA-ABC expression between MCF?7 breast
cancer cells and MCF7-HER18 cells, a subline of MCF7 cells
transfected to overexpress HER2 that effectively activates the
signaling pathways downstream of HER2 in the cells.”>*® As
shown in Fig. 2A, overexpression of HER2 does not lead to a
decrease but rather a moderate increase in the MFI value of
HLA-ABC expression in MCF7-HERI18 cells compared to
MCF?7 cells.

We next examined HLA-ABC expression in five HER2-
overexpressing breast cancer cell lines (BT474, SKBR3,
SUM190, MDA-MB-361, and HCC1954) after knockdown of
HER?2 expression by each of two different siRNAs. As shown in
Fig. 2B and in Fig. SI, the impact of HER2 knockdown on
HLA-ABC expression differed by HER2-targeting siRNA and
cell line. Knockdown of HER2 by siRNA#1 led to a significant
increase in HLA-ABC expression (in terms of both MFI values
and percentages of HLA-ABC-positive cells) in SUMI190,
MDA-MB-361, and HCC1954 cells, in which the baseline MFI
and the baseline percentage of HLA-ABC-expressing cells were
high, but a significant decrease in HLA-ABC expression in
BT474 and SKBR3 cells, in which the baseline MFI and the
baseline percentage of HLA-ABC-expressing cells were rela-
tively low (Fig. 2B, lower panel). In contrast, siRNA#2, which
produced slightly weaker HER2 knockdown than siRNA#1 did,
had no significant effect on HLA-ABC expression except in
BT474 cells, in which siRNA#2 lowered HLA-ABC expression
as measured by both MFI and percentage of HLA-ABC-posi-
tive cells.

Thus, we expanded the number of siRNAs to target different
regions of HER2 mRNA sequence and further explore the effect
of HER2 knockdown on the level of HLA-ABC expression in
breast cancer cells. For these experiments, we used SKBR3 cells,
which have relatively low HLA-ABC expression, SUM190 cells,
which have intermediate to high HLA-ABC expression, and
HCC1954 cells, which have high HLA-ABC expression. The
results from use of three additional HER2 siRNAs (siRNA#3,
siRNA#4, and siRNA#5) were consistent with the findings with
siRNA#2 (no significant impact) but not with siRNA#1, sug-
gesting a potential off-target effect of HER2 siRNA#1 that led
to an increase in HLA-ABC expression in some cell lines
(Fig. S2). Indeed, we found that in the three cell lines in which
siRNA#1 led to an increase in HLA-ABC expression (SUM190,
MDA-MB-361, and HCC1954; Fig. 2A), siRNA#1 also led to a
significant increase in the levels of both total and Y-701-phos-
phorylated STAT1 (Fig. S1), which is a major transcription reg-
ulator of HLA-ABC expression,” whereas siRNA#2 either had
no effect on or led to a decrease in the level of Y-701-phosphor-
ylated STATI.



ONCOIMMUNOLOGY e1100790-3

A 1. MDA-MB-231 2. MCF7 3.ZR75B 4. T47D 5. MDA-MB-453
o4 99.3 0.08| 41434 55.0| J0.18 914
é 045 i 0.12 1.60 . 2?4 0.72 . 7.30
j' 6. MDA-MB-361 8.HCC1954 9. SUM190 10. BT474
= 41.93 87.0( Jo. 4051 945| 1031 85.0| ]0.15 56.9
L £ L) €
. — <
0.86 4.:‘4 0.50 = ‘14.2 0.74 . 42:2
HER2
B
40,000 r=-0.43 1001 4 648
- p=0.21 e 5
: 3
< 30,000 " el
bt &)
(&)
@ 20,0004 & 50- w10
f‘: < r=-0.41 .7
Z 10,000 - .8 T 254 p=0.44
35,6 9
0 T 2 * ] |7. 10 1 0 I I 1 1
0 10,000 20,000 30,000 0 25 50 75 100
HER2 (MF1) HER2 (%)

Figure 1. Expression of HLA-ABC in a panel of human breast cancer cell lines with and without overexpression of HER2. The indicated breast cancer cells were double-
stained with APC-conjugated anti-HLA-ABC antibody and trastuzumab plus FITC-conjugated anti-human IgG antibody and subjected to flow cytometry analysis. (A). Flow
cytometric data on HLA-ABC expression versus HER2 expression in each cell line in contour plots. (B). MFI values of HLA-ABC expression vs. MFI values of HER2 expression
(left) and percentages of HLA-ABC-positive cells versus percentages of HER2-overexpressing cells (right) in scatter plots. Pearson correlation coefficients (r) and p values
are shown. The numbers next to the dots in the scatter plots correspond to the numbers next to the names of breast cancer cell lines in A.

To determine whether there is an association between
the level of HER2 kinase activity and HLA-ABC expression
in HER2-overexpressing breast cancer cells, we examined
whether treatment of HER2-overexpressing breast cancer
cells with lapatinib, a HER2 kinase inhibitor, had an effect
on HLA-ABC expression in such cells. As shown in
Fig. 3A, treatment with lapatinib at 0.5 or 1.0 uM for 24 h
inhibited HER2 kinase activity with different degrees in all
five HER2-overexpressing breast cancer cell lines tested, as
previously reported by others.”® However, we found no
increase in HLA-ABC expression in any of the five cell
lines; rather, we found decreases in the MFI value, the per-
centage of cells expressing HLA-ABC, or both, with particu-
larly pronounced decreases in SKBR3 and SUMI190 cells
(Fig. 3B). Of note, as shown in Fig. 3A, lapatinib, in addi-
tion to inhibiting the well-documented pathways down-
stream of HER2, including phosphorylation of PI3K/Akt
and MEK/Erk, inhibited tyrosine phosphorylation of
STATI. This inhibition of activation-specific phosphoryla-
tion of STAT1 may be responsible for lapatinib-induced
decrease in HLA-ABC expression.

Together, our data show that there is a lack of direct inverse
correlation between the levels of HER2 expression and HLA-
ABC expression in breast cancer cells. Although knockdown of
HER2 expression by one particular siRNA (siRNA#1), which
was associated with an increase in the level of STAT1, upregu-
lated HLA-ABC expression in a cell type/context-specific man-
ner, knockdown of HER2 expression by other siRNAs or
inhibition of HER2 kinase activity by lapatinib downregulated
HLA-ABC expression in the cell line panel, suggesting that
inhibition of HER2 signaling alone does not enhance and may
even inhibit HLA-ABC expression in HER2-overexpressing
breast cancer cells.

Trastuzumab increases HLA-ABC expression in HER2-
overexpressing breast cancer cells in the presence of PBMC
by engaging NK cells and thereby stimulating IFNy
secretion

A previous study showed that trastuzumab had no impact on
the expression of HLA-ABC or CD80 and CD86 T cell



€1100790-4 B.K.R. CHAGANTY ET AL.

A BT474 SKBR3 SUM190 MDA-MB-361 HCC1954
0 228|410 198
Control
9 @ siRNA
MCF7 MCF7-HER18
0 772| ]0 80.2
| 96.2 1.42 40 984 = .
0.98 639 {3.46 9.72 726| {345 64.9
O ] o g
] o g
< 9 < J SiRNA#1
T 4 : I 407 52,0 1299 56.9 1.07 | 1278 0.87| 10.56 0.07
235 0 0 164 0.87 550 {1.17 183 737| 16.27 837 1131 84.0
HER2 SiRNA#2
~ 5,000 12,000 223 713| 19.88 706 9.11| 1508 491/ 1206 0.82
S 4,000 £
Q 3,000 § 8,000 HER2
; 2,000 5 4,000 HLA-ABC expression HER2 expression
T 1,000 = 12,0007 wm Control * 7,500 = Control
0 1 9,000 = siRNA#1 * = siRNA#1
MCF7 MCF7-HER18 MCF7 MCF7-HER18 E 6‘000 = siRNA#2 l s = siRNA#2
s s I 5,000
= L5
. 100 100 g 3,000 1. 1.1 ' <
g - < @
S e g 8 & 400|jx, 4 5500 . .
] 60 o 60 = w* * ¥ * | ahad *
< ] 200
< 40 a0
T 2 20 0
*
0 0° 100 = Control 100 = Control
MCF7 MCF7-HER18 MCF7 MCF7-HER18 £ sol =siRNA# . 80 = SiRNA#1
6 = siRNA#2 é = siRNA#2
2 60 S 60
h £
2 40 40
20 20
x > o P > LS > o s ™
4 S o> & 4: o o O N P
& @ § @ O & @ © & o
< 3 Y “9" o &,c; ® ) & “9" 5 on

Figure 2. Effect of HER2 overexpression and knockdown on the level of HLA-ABC expression in breast cancer cells. (A). MCF7 and MCF7-HER18 cells were double-stained
with APC-conjugated anti-HLA-ABC antibody and trastuzumab plus FITC-conjugated anti-human IgG antibody and subjected to flow cytometry analysis. Upper panel,
flow cytometric data on HLA-ABC expression vs. HER2 expression in MCF7 and MCF7-HER18 cells in contour plots. Lower panel, MFI values of HLA-ABC and HER2 expres-
sion (left) and the percentages of cells expressing HLA-ABC and HER2 (right) in MCF7 and MCF7-HER18 cells. (B). The indicated HER2-overexpressing human breast cancer
cells were transfected with one of two different HER2-specific siRNAs or control siRNA using Lipofectamine for 72 h in culture. The cells were double-stained for flow
cytometry analysis of HLA-ABC and HER2 and the data were plotted as described in (A). * p < 0.05 compared with corresponding control.

costimulatory molecules in non-breast cancer cells.”” Trastuzu-
mab was recently reported to induce transcriptional inhibition
of HER?2 expression in HER2-overexpressing breast cancer cells
by engaging Fc receptor-expressing immune effector cells to
stimulate IFNy secretion in the presence of PBMC through
STAT1 activation.”® Because IFNy is a potent cytokine that
stimulates HLA-ABC expression by activating STAT1 signal-
ing,’" we decided to examine whether the presence of immune
effector cells influences any effect of trastuzumab on HLA-
ABC expression. We first cultured BT474, SKBR3, SUM190,
MDA-MB-361, and HCC1954 cells for 48 h in the presence or
absence of trastuzumab in culture medium. As shown in Fig. 4,
there were no significant changes in HLA-ABC expression level
in these cells, and trastuzumab produced a decrease in the per-
centage of SUMI190 cells expressing HLA-ABC. As expected,
when these cells were co-cultured with PBMC, both the MFI
value and the percentage of HLA-ABC-positive cells were
markedly increased compared to the values in mono-culture.
Notably, however, in all five cell lines, when cells were co-cul-
tured with PBMC, the MFI value of HLA-ABC expression (but
not the percentage of HLA-ABC-positive cells) was signifi-
cantly higher in trastuzumab-treated cells than in control anti-
body-treated cells.

We used enzyme-linked immunosorbent assay (ELISA) to
measure the level of IFNy in conditioned media from the co-
culture experiment of BT474, SUM190, and HCC1954 cells
with PBMC shown in Fig. 4. We found that the level of IFNy
was significantly higher in the conditioned media from trastu-
zumab-treated cell cultures than in the conditioned media
from control antibody-treated cell cultures in the presence of
PBMC, with particularly pronounced increases in BT474 and
SUM190 cells (Fig. 5A). Because PBMC can secrete many cyto-
kines, to confirm that the increase in IFNy was the cause of the
trastuzumab-induced upregulation of HLA-ABC expression in
breast cancer cells shown in Fig. 4, we co-cultured BT474 and
SUM190 cells with PBMC with and without an IFNy-neutraliz-
ing antibody. We found that the presence of an IFNy-neutraliz-
ing antibody abolished the trastuzumab-induced increase in the
MFI of HLA-ABC in the co-cultures (Fig. 5B). This finding
strongly indicates that IFNy secreted as a result of trastuzumab
engagement with immune effector cells in PBMC plays a criti-
cal causal role in trastuzumab-mediated increase in HLA-ABC
expression.

To identify the type of immune effector cell with the greatest
contribution to the IFNy production in the conditioned media
from the co-culture experiments, we sorted the NK cells
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Figure 3. Effect of lapatinib on the level of HLA-ABC expression in HER2-overexpressing breast cancer cells. The indicated HER2-overexpressing human breast cancer cells
were treated with vehicle (DMSO) or lapatinib (0.5 or 1.0 M) for 24 h. After treatment, aliquots of cells were lysed for Western blot analysis with the indicated antibodies
(A) or stained with APC-conjugated anti-HLA-ABC antibody for 30 min and subjected to flow cytometry analysis (B). Any cells undergoing apoptosis following treatment
(Annexin-V-positive cells) were gated out before analysis of the flow cytometric data. Shown in (B) are the MFI values of HLA-ABC expression (left) and the percentages of
HLA-ABC-positive cells in the cell lines treated with vehicle or lapatinib (right). * p < 0.05 compared with corresponding control.

(CD56%), monocytes/macrophages (CD14%), and T cells
(CD3%) from the PBMC and subjected BT474 and SUM190
cells to co-culture with the individually sorted cells in the
absence or presence of trastuzumab or a control antibody. The
results (Fig. 5C) showed that NK cells were the main contribu-
tors to the increase in IFNy production in HER2-overexpress-
ing breast cancer cells after trastuzumab treatment.

Trastuzumab increases the expression of CD86
costimulatory molecule in HER2-overexpressing breast
cancer cells in the presence of PBMC

We also determined whether trastuzumab increased the expres-
sion of CD80 and CD86 costimulatory molecules. We first
examined whether CD80 and CD86 are expressed in the breast
cancer cell lines used in our study. We confirmed that HEK293
cells do not express CD80 or CD86 (Fig. 6A), as previously
reported.” Using these HEK293 cells as a negative control, we
found that CD86 but not CD80 was expressed in BT474 and
SUM190 cells (Fig. 6A). As shown in Fig. 6B, both the MFI
value and the percentage of CD86" cells were higher in BT474
cells co-cultured with PBMC than in BT474 cells in mono-cul-
ture. While trastuzumab marginally decreased CD86 expres-
sion in BT474 cells in mono-culture, trastuzumab significantly
increased the MFI value of CD86 in co-culture. A similar pat-
tern of results was found in SUM190 cells, although the results

were less remarkable than in BT474 cells (Fig. 6B), which may
be due to differences in genetic contexts between the cells.

Trastuzumab increases the expression of MHC-I molecules
and CD80/CD86 in HER2-overexpressing breast cancer
cells in vivo

Although co-culture of breast cancer cells with PBMC
mimics the interaction of breast cancer cells with stromal
cells in the tumor microenvironment following trastuzumab
treatment, co-culture does not completely recapitulate that
interaction in vivo. Thus, we further determined whether
trastuzumab increased the expression of MHC-I molecules
and CD80/CD86 in vivo in a mouse model. Because murine
IFNy could not activate interferon receptor signaling in
human breast cancer cells (as shown in SUMI190 cells in
Fig. 7A), whereas trastuzumab recognizes only human
HER2, for the in vivo study we used 4T1 transplantable
murine mammary tumor cells that were transduced to over-
express human HER2. We found that over 75% of 4T1 cells
were positive for murine MHC-I (H-2Kd) expression; over-
expression of human HER2 in the 4T1 cells did not have
significant effect on the expression level of MHC-I (H-2Kd)
(data not shown). When the 4T1/HER2 cells had grown
into palpable tumors after transplantation in Swiss female
nude mice, which are negative for H-2Kd expression, we
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Figure 4. Increased HLA-ABC expression in HER2-overexpressing breast cancer cells by trastuzumab in the presence of PBMC. The indicated HER2-overexpressing human
breast cancer cells were cultured in medium supplemented with 10% fetal bovine serum and were treated with 5 pg/mL (30 nM) trastuzumab or a control humanized
IgG (h-IgG; bevacizumab) in mono-culture or co-culture with human PBMC at a ratio of 1:5 (cancer cells versus PBMC) for 48 h. After treatment, any PBMC grown in sus-
pension were removed by washing the cells with PBS. The cells were then stained with APC-conjugated anti-HLA-ABC antibody and subjected to flow cytometry analysis.
Any residual PBMC in the co-culture were gated out during flow cytometric analysis on the basis of the size difference between PBMC and the co-cultured breast cancer
cells. Shown are the MFI values of HLA-ABC expression (upper) and the percentages of HLA-ABC-positive cells (lower). The data presented are from multiple experiments

using PBMC from different donors. * p < 0.05 compared with corresponding control.
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Figure 5. Increased HLA-ABC expression in HER2-overexpressing breast cancer cells by trastuzumab through engagement of NK cells and stimulation of IFNy secretion.
(A). BT474, SUM190, and HCC1954 cells were cultured in medium supplemented with 10% fetal bovine serum and were treated with 5 g/mL (30 nM) trastuzumab or a
control humanized IgG (h-lgG; bevacizumab) in mono-culture or co-culture with human 1.5x10° PBMC (at a ratio of 1:5, cancer cells vs. PBMC) for 48 h. Cell-free condi-
tioned medium from each culture was used for detecting the presence of human IFNy with an ELISA kit. * p < 0.05 compared with corresponding control. (B). BT474 and
SUM190 cells were treated with the conditioned medium from the monoculture and co-culture described in (A) or with the conditioned medium plus an IFNy-neutraliz-
ing antibody as indicated for 48 h. The cells were then stained with APC-conjugated anti-HLA-ABC antibody and subjected to flow cytometry analysis. Shown are the MFI
values of HLA-ABC expression (upper) and the percentages of HLA-ABC-positive cells (lower). * p < 0.05 compared with corresponding control or compared with the
group treated with an IFNy-neutralizing antibody. (C). BT474 and SUM190 cells were cultured in medium supplemented with 10% fetal bovine serum and were treated
with 5 g/mL (30 nM) trastuzumab or a control humanized IgG (h-IgG; bevacizumab) for 24 h in co-culture at a ratio of 1:5 (cancer cells versus immune effector cells)
with 1.5x 10° NK cells (CD56™), monocytes (CD14%), or T cells (CD3™). The immune effector cells were sorted by flow cytometry from PBMC after staining of PBMC with
PE-Cy7-conjugated anti-CD56 antibody, APC-conjugated anti-CD14 antibody, and FITC-conjugated anti-CD3 antibody. Conditioned medium from each culture was used
for detecting the presence of human IFNy with an ELISA kit. * p < 0.05 compared with corresponding control.
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Figure 6. Increased expression of CD86 in HER2-overexpressing breast cancer cells by trastuzumab in the presence of PBMC. (A). HEK293, BT474, and SUM190 cells were
stained with PE-conjugated anti-human CD80 antibody and PE-Cy7-conjugated anti-human CD86 antibody and subjected to flow cytometry analysis. (B). BT474 and
SUM190 cells were cultured in medium supplemented with 10% fetal bovine serum and were treated with 5 ;£g/mL trastuzumab (30 nM) or a control humanized IgG (h-
IgG; bevacizumab) in mono-culture or co-culture with human PBMC at a ratio of 1:5 (cancer cells vs. PBMC) for 48 h. The cells were then stained with PE-Cy7-conjugated
anti-human CD86 antibody and subjected to flow cytometry analysis. Shown are the MFI values of CD86 expression (upper) and the percentages of CD86-positive cells
(lower). * p < 0.05 compared with corresponding control.

ABC/MHC-I and CD80/CD86 molecules in HER2-overex-
pressing breast cancer cells.

treated the mice with trastuzumab or a control anti-human
IgG. Analysis of H-2Kd expression in the tumors by flow
cytometry showed a significant increase in the percentage of
H-2Kd-expressing cells in the tumors from trastuzumab-

: . . Discussion
treated mice compared with the tumors from control anti-

body-treated mice (Fig. 7B). Similarly, the percentages of
CD80- and CD86-expressing cells were higher in the
tumors from trastuzumab-treated mice than in the tumors
from control antibody-treated mice (Fig. 7C). This experi-
ment provides important in vivo evidence further support-
ing a role of trastuzumab in increasing expression of HLA-

Our data confirm our hypothesis and support the model
depicted in Fig. 8, wherein the binding of trastuzumab to HER2
engages NK cells, resulting in secretion of IFNy, which upregu-
lates HLA-ABC and CD80/CD86 expression. These activities
of trastuzumab may contribute to the overall antitumor activity
of trastuzumab through eliciting a cytotoxic T-cell-mediated
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Figure 7. Increased expression of MHC-1 and CD80/CD86 molecules by trastuzumab in HER2-overexpressing breast cancer cells in vivo. (A). 4T1 mouse mammary tumor
cells transduced to overexpress HER2 (4T1/HER2) and SUM190 human breast cancer cells were cultured in medium supplemented with 10% fetal bovine serum in the
presence or absence of mouse IFNy (300 units/mL) or human IFNy (300 units/mL) for 24 h. The cells were then stained with APC-conjugated anti-H-2Kd (for 4T1/HER2)
or APC-conjugated anti-HLA-ABC antibody (for SUM190) and subjected to flow cytometry analysis. Shown are the MFI values of MHC-| expression (upper) and the percen-
tages of MHC-I-positive cells (lower). (B). 4T1/HER2 cells (2x10° cells) were implanted in the mammary fat pad of female Swiss nude mice (4-6 weeks old). Two weeks
after the tumors were palpable, the mice were treated once with 200 1.g of trastuzumab or a control humanized IgG (rituximab) intraperitoneally. At 48 h after treatment,
the mice were euthanized, the tumors were removed, and single cell suspensions were prepared and double-stained with APC-conjugated anti-H-2Kd antibody and tras-
tuzumab plus FITC-conjugated anti-human IgG antibody. Cells were then subjected to flow cytometry analysis. Shown are the MFI values of H-2Kd expression (upper)
and the percentages of H-2Kd positive cells (lower) gated for HER2-positive cells. *p < 0.05 compared with corresponding control. (C). Single cell suspensions from 471/
HER2 tumors described in (B) were triple-stained with APC-conjugated anti-mouse CD80 antibody, PE-conjugated anti-mouse CD86 antibody and trastuzumab plus FITC-
conjugated anti-human IgG antibody, and subjected to flow cytometry analysis as described in (A). Shown are the MFI values of CD80 and CD86 expression (upper) and
the percentages of CD80- and CD86-positive cells (lower) gated for HER2-positive cells. “p < 0.05 compared with corresponding control.
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Figure 8. Proposed model of trastuzumab-induced upregulation of expression of
HLA-ABC and CD80/CD86 T cell costimulatory molecules in cancer cells. Binding of
trastuzumab to HER2 on breast cancer cell surface engages immune cells through
interaction with the antibody’s Fc fragment, leading to secretion of IFNy, which
upregulates the expression of MHC-l and CD80/CD86 molecules on targeted cells.
The numbers show the sequence of events in the proposed model.

response to targeted cancer cells. This effect would be in addi-
tion to trastuzumab’s well-documented inhibition of HER2
downstream cell signaling and induction of antibody-depen-
dent cell-mediated cytotoxicity.

Loss or downregulation of HLA class I antigens in tumor
cells has been observed in a variety of human malignancies
and represents an important mechanism by which cancer
escapes the immune system. A few earlier studies showed
that HER2 regulates the components of the MHC class I
antigen processing machinery and showed that there was an
inverse correlation between HER2 and HLA-ABC expres-
sion following siRNA-mediated knockdown of HER2
expression in some breast cancer cell lines (SKBR3 and
MCF7-HER2) and some non-breast cancer cell lines.?
23334 In our study, we examined the effect of HER2 knock-
down in five HER2-overexpressing cell lines using five dif-
ferent siRNAs. We did not find a significant inverse
correlation between the levels of expression of HER2 and
HLA-ABC except with one particular siRNA. Possible rea-
sons for the difference in results between our study and
previous studies could be differences in the cell types and
the HER2 sequences targeted by siRNA.>** In our study,
we found that treatment of the cells with siRNA#1, which
knocked down HER2 and increased expression of HLA-
ABC, also upregulated expression of STATI, a known major
transcription factor regulating HLA-ABC expression.”’
However, we did not find STAT1 upregulation following
treatment with any of the other four siRNAs, suggesting a
possible off-target effect of siRNA#1. Further, our finding
that treatment with the HER2 kinase inhibitor lapatinib
alone did not increase but in fact decreased HLA-ABC
expression supports lack of an inverse correlation between
HER2 kinase activity and HLA-ABC expression. Whereas
inhibition of the MAPK pathway, which is downstream of
HER2, may increase HLA-ABC expression, as reported by
others,” treatment of cells with lapatinib can inhibit multi-
ple pathways downstream of HER2 in addition to the
MAPK pathway, one of which is the STATI pathway.
Indeed, we found that the decrease in HLA-ABC expression
induced by lapatinib was accompanied by a decrease in the
level of phosphorylated STATI.

One recent study showed that trastuzumab downregulates
HER2 in HER2-overexpressing breast cancer cells co-cultured
with PBMC, and the effect was mediated through engagement
of PBMC by the antibody to secrete increased amounts of
IFNy, which activated STAT]I, leading to transcription inhibi-
tion of HER2 expression.”® Our current study expanded this
previous work by demonstrating that antibody-mediated
increase in IFNy production upregulated HLA-ABC expres-
sion. Because our data from lapatinib and HER2 siRNA treat-
ment of the cell panel indicate that inhibition of HER2 kinase
activity or knockdown of HER2 expression did not increase
HLA-ABC expression, it is unlikely that the increase in HLA-
ABC expression by trastuzumab in the presence of PBMC
directly resulted from downregulation of HER2. However,
additional separate studies are needed to determine whether
the two events are somewhat linked.

Another novel finding in the current study is that the
expression of T cell costimulatory molecules, mainly CD86,
was also regulated by trastuzumab when breast cancer cells
were co-cultured with PBMC. CD80 was not detectable in the
cell lines used in the current study (BT474 and HCC1954);
however, we did find increases in the levels of both murine
CD80 and murine CD86 when nude mice bearing human
HER2-overexpressing mammary tumors were treated with
trastuzumab.

Recent studies have shown that activation of the PD-1/PD-
L1 immune-checkpoint pathway plays an important role in
tumor-induced immunosuppression. It is noteworthy that
IFNy is known to upregulate PD-L1.>® Trastuzumab-mediated
induction of IFNy in the presence of PBMC could therefore
also upregulate PD-L1 level that may partially offset the pro-
antitumor effect of upregulation of HLA-ABC and CD86
expression by trastuzumab. Indeed, an earlier animal study
showed that the combination of anti-neu antibody with anti-
PD-1 antibody enhanced antitumor activity in immunocompe-
tent mice.”” We are currently investigating these issues.

In summary, our current work provides evidence that tras-
tuzumab upregulates expression of HLA-ABC and T cell costi-
mulatory molecules in HER2-overexpressing breast cancer cells
in the presence of PBMC, which supports the view that T-cell-
mediated immune responses are involved in trastuzumab-
mediated antitumor effects. It has been reported that patients
whose tumors have a better response to trastuzumab have a
higher level of tumor-infiltrating lymphocytes, supporting a
role of T-cell-mediated response in contributing to the overall
response to trastuzumab.'>'* The lack of proper response to
trastuzumab seen in treatment-resistant patients may be due in
part to suppression of T cell responses. Novel approaches aim-
ing to enhance T-cell-mediated adaptive immune response
may therefore improve the outcome of patients treated with
trastuzumab.

Materials and methods
Reagents

Trastuzumab, bevacizumab, and rituximab (Genentech) were
obtained from the ambulatory pharmacy of The University of
Texas MD Anderson Cancer Center.



Cell lines and cell culture

Human breast cancer cell lines (BT474, HCC1954, MDA-MB-
231, MDA-MB-361, MDA-MB-453, MCF7, MCF7-HERI1S,
SKBR3, SUM190, T47D, and ZR75B) and HEK293 cells were
maintained in Dulbecco’s modified Eagle’s medium/F12
medium (50/50, v/v) supplemented with 10% fetal bovine
serum, 2 mM glutamine, 100 U/mL penicillin, and 100 pg/mL
streptomycin in a 5% CO, atmosphere at 37°C as described
previously.”®*’

Western blot analysis

Cells were lysed in a lysis buffer containing 50 mM TrisHCl
(pH 7.4), 150 mM NaCl, 0.5% Igepal CA-630, 50 mM NaF,
1 mM Na;VO,, 1 mM EGTA, 1 mM EDTA, 1 mM phenylme-
thylsulfonyl fluoride and protease inhibitor cocktail (Sigma-
Aldrich) and kept on ice for 15 min. The lysates were cleared
by centrifugation, and the supernatants were collected. Equal
amounts of protein lysate, as determined using the Pierce Coo-
massie Plus colorimetric protein assay (Thermo Fisher Scien-
tific), were separated by SDS-polyacrylamide gel electro-
phoresis, blotted onto nitrocellulose, and probed with primary
antibodies against HER2 (Calbiochem) and tyrosine 1248-
phosphorylated HER2 (Cell Signaling Technology); STAT1
and Y701-phosphorylated STAT1 (Cell Signaling Technology);
STAT3 and Y705-phosphorylated STAT3 (Cell Signaling Tech-
nology); Akt and S473-phosphorylated Akt (Cell Signaling
Technology); Erk (Santa Cruz Biotechnology) and T202/Y204-
phosphorylated Erk (Cell Signaling Technology); and p-actin
(Sigma-Aldrich). The signals were visualized using the
enhanced chemiluminescence detection kit (GE Healthcare).

Cell preparation for fluorescence-activated cell sorting

Breast cancer cells were detached from culture dishes by incu-
bation with a non-enzymatic citric acid-based buffer (0.135 M
KCl, 0.15 M sodium citrate, 0.6 mM EDTA) or TrypLE reagent
(Life Technologies) at 37°C until cells detached. Cells from
mouse tumor tissues were prepared by mincing tumor tissues
into small pieces and passing the samples into a fresh conical
tube through a 70-pum mesh cell strainer. Single cell suspen-
sions (0.5-1x10°) were prepared in 100 uL of fluorescence-
activated cell sorting buffer (0.5% BSA in PBS) and stained
with fluorescently conjugated primary antibodies or secondary
antibodies (5-20 pL in 100 pL) for 30 min at 4°C. An isotype-
matched antibody was used as a control. Excess antibodies
were washed away twice with fluorescence-activated cell sorting
buffer prior to analysis under a BD Biosciences Canto II ana-
lyzer. Flow cytometric detection of HER2 in human breast can-
cer cells was performed by incubation of the cells with
trastuzumab and FITC-conjugated anti-human IgG antibody
(1-2 nL in 100 L) for 30 min at 4°C. The fluorescently conju-
gated primary antibodies used in this study and the respective
vendors were as follows: APC-conjugated anti-HLA-ABC anti-
body (clone W6/32, BioLegend); APC-conjugated anti-mouse
H-2Kd antibody (clone SF1-1.1.1, eBioscience); phycoerythrin-
Cy7 (PE-Cy7)-conjugated anti-CD56 (clone MY31), APC-con-
jugated anti-CD14 (clone 61D3), and FITC-conjugated anti-
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CD3 antibodies (clone SK7, Tonbo Biosciences); PE-conjugated
anti-human CD80 (clone 2D10) and PE-Cy7-conjugated anti-
human CD86 (clone IT2.2) antibodies (BioLegend); APC-con-
jugated anti-mouse CD80 (clone 16-10A1) and PE-conjugated
anti-mouse CD86 (clone GL-1) antibodies (Tonbo Bioscien-
ces); and IFNy-neutralizing antibody (clone NIB42, eBio-
science). FITC- or PE-labeled Annexin-V antibody was
obtained from BD Biosciences PharMingen.

Knockdown of HER2 gene expression by siRNA

HER2-targeted siRNA  (target DNA sequence #I,
GGGAAACCTGGAACTCACC; #2, CATCAAAGTGTT-
GAGGGAA; #3, GGACATCTTCCACAAGAAC; #4,
GCAGTTACCAGTGCCAATA; and #5, CAGAATGGCT-
CAGTGACCT) and control siRNA were purchased from
Sigma-Aldrich. The siRNA (200 pmol) and Lipofectamine
2000 (5 pL, Life Technologies) were mixed in 100 uL of
minimal essential medium (Opti-MEM, Life Technologies)
for 15 min, and the siRNA-Lipofectamine 2000 mixture was
added into the culture medium of cells seeded at 3x10°
cells/well in a 12-well plate. Six hours later, the medium
was replaced with regular medium, and the cells were cul-
tured for an additional 72 h before detection of HER2
expression knockdown by flow cytometry.

Co-culture experiments with PBMC

PBMC from healthy donors were isolated by Ficoll-Paque
PLUS (GE Healthcare Life Sciences) gradient centrifugation as
described previously.*” Cancer cells were incubated with
PBMC at a ratio of 1:10 or 1:5 (cancer cells:PBMC) for 48 h. At
the end of co-culture experiments, conditioned medium was
collected, any PBMC in suspension were washed away with
PBS, and the cancer cells from the co-culture were harvested,
stained with the desired fluorescently conjugated primary anti-
body, and subjected to flow cytometry analysis.

ELISA

IFNy in conditioned medium from the co-culture experiments
was analyzed with a human IFNy ELISA kit from BioLegend.
The procedure was performed according to the protocol pro-
vided by the vendor. In brief, anti-IFNy capture antibodies
were coated to the wells in a 96-well plate in carbonate buffer
and incubated overnight at 4°C. The wells were blocked with
PBS containing 10% fetal bovine serum for 1 h at room temper-
ature, and then 100 L of conditioned medium (diluted if nec-
essary) was added and the wells were incubated for an
additional 2 h at room temperature. IFNy detection antibody
was then added. Beginning 1 h later, the wells were incubated
for 30 min with HRP-conjugated biotin, and then TMB
(3,3',5,5'-tetramethylbenzidine) substrate was added. The wells
were washed three to five times between each step with PBS
containing 0.05% Tween-20. The 96-well plates were read at
450 nm for optical density using an Omega microplate reader.
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In vivo experiments

All animal experiments were performed in accordance with
protocols approved by the Institutional Animal Care and Use
Committee at MD Anderson Cancer Center. Swiss female nude
mice (5-6 weeks old) were obtained from the colony facility
maintained by the Department of Experimental Radiation
Oncology at MD Anderson Cancer Center. 4T1 mouse mam-
mary tumor cells were infected with a pLEX-based recombi-
nant lentivirus containing human HER2. Stable 4T1 cells
expressing human HER2 (4T1/HER2, 2x 10° cells/mouse) were
implanted in the mammary fat pad of Swiss nude mice.

Statistical analysis

Each experiment was repeated at least three times, and the
mean values with standard error of the mean are presented. A
two-tailed unpaired Student’s t test was used to compare two
groups of independent samples. For correlation analysis, Pear-
son’s correlation coefficients were computed. p < 0.05 was con-
sidered statistically significant.
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