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Abstract

Human cancers are known to downregulate Major Histocompatibility Complex (MHC) class

I expression thereby escaping recognition and rejection by anti-tumor T cells. Here we

report that oxygen tension in the tumor microenvironment (TME) serves as an extrinsic cue

that regulates antigen presentation by MHC class I molecules. In support of this view,

hypoxia is shown to negatively regulate MHC expression in a HIF-dependent manner as evi-

denced by (i) lower MHC expression in the hypoxic TME in vivo and in hypoxic 3-dimen-

sional (3D) but not 2-dimensional (2D) tumor cell cultures in vitro; (ii) decreased MHC in

human renal cell carcinomas with constitutive expression of HIF due to genetic loss of von

Hippel-Lindau (VHL) function as compared with isogenically paired cells with restored VHL

function, and iii) increased MHC in tumor cells with siRNA-mediated knockdown of HIF. In

addition, hypoxia downregulated antigen presenting proteins like TAP 1/2 and LMP7 that

are known to have a dominant role in surface display of peptide-MHC complexes. Corrobo-

rating oxygen-dependent regulation of MHC antigen presentation, hyperoxia (60% oxygen)

transcriptionally upregulated MHC expression and increased levels of TAP2, LMP2 and 7.

In conclusion, this study reveals a novel mechanism by which intra-tumoral hypoxia and HIF

can potentiate immune escape. It also suggests the use of hyperoxia to improve tumor cell-

based cancer vaccines and for mining novel immune epitopes. Furthermore, this study high-

lights the advantage of 3D cell cultures in reproducing hypoxia-dependent changes

observed in the TME.

Introduction

The tumor microenvironment (TME) has been identified as a critical factor in controlling the

progression and metastasis of cancer, along with dictating responses to conventional anti-

tumor therapies [1–3]. In particular, hypoxia and the hypoxia-inducible factor-1α (HIF-1α)
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can be tumor-protective in many solid tumors and thus be a poor prognosis factor [4]. Despite

significant advances in understanding of how hypoxia leads to an immunosuppressive TME

by inhibiting effector functions of immune cells [5–7], little is known about the mechanisms

by which hypoxia alters tumor immunogenicity [8–10].

Immunogenicity is critical in the establishment of an effective adaptive immune response

[11, 12] and is largely dependent on tumor-associated antigen presentation by Major Histo-

compatibility Complex (MHC) class I molecules [13]. Altered or complete loss of MHC class I

expression has been found on 60–90% of human cancers of different histological origins such

as head and neck, skin, breast and lung [14, 15]. Cancers with downregulated MHC expression

have been associated with greater metastatic potential and present a poor prognosis for pa-

tients [16, 17]. Clinically, the nature of the preexisting MHC defects in cancers has a crucial

impact on determining the final outcome of cancer immunotherapy [18, 19]. Thus, there is an

acute medical need to improve tumor immunogenicity [20, 21] and prevent evasion of tumors

from tumor-reactive T cells by increasing our understanding of the complex regulation of

MHC class I expression and developing methods to manipulate it [22, 23].

MHC class I expression is primarily regulated transcriptionally by integration of tissue-spe-

cific intrinsic signals as well as extrinsic signals from the microenvironment [24, 25]. In addi-

tion, the density of the peptide-MHC complexes at the surface can be affected by the efficiency

of the antigen processing machinery (APM) that generate and transport antigenic peptides [26–

28]. The heterodimeric complex transporter associated proteins (TAP) that shuttles peptides

from cytosol into the ER and components of the immunoproteosome low molecular weight

protein 2 and 7 (LMP2 and LMP7) that generate peptides from proteins have been shown to be

potential targets of von Hippel-Lindau tumor suppressor (pVHL)[9], a protein that directs sub-

strates (including HIF) to proteasomal degradation under normoxic conditions [29, 30].

In this study, we focused on the regulation of MHC class I expression on tumors and found

a positive correlation between local tissue oxygen tension and levels of MHC. Mechanistic

studies showed a HIF-dependent MHC downregulation in hypoxic environments. In addition,

oxygen may affect the density of peptide-MHC complexes at the cell surface by regulating

TAPs and LMPs.

Results

Hypoxia mediates down-regulation of MHC class I expression in vivo

Our previous findings show that MHC class I is heterogeneously expressed in the TME, with

hypoxic regions having lower MHC expression as compared with normoxic regions of the

same tumor [31]. Building upon these observations, we hypothesized that oxygen tension in

the tissue microenvironment may regulate the extent of MHC class I expression in tumors. To

test this, mice with established MCA-205 sarcoma were exposed to either respiratory hypoxia

(10% O2) or normoxia (21% O2) for 48h, followed by examination of changes in MHC expres-

sion. We show that, independent of anatomical location, both pulmonary tumors (Fig 1A and

1C) and subcutaneous solid tumors (Fig 1B and 1D) from hypoxia breathing mice had signifi-

cantly downregulated expression of MHC class I molecules as compared with tumors from

mice in normoxic conditions.

Three-dimensional (3D) cell culture systems recreate the biological

effects of intra-tumoral hypoxia

Next, we intended to delineate the molecular mechanisms by which hypoxia downregulated

MHC class I expression using in vitro cell culture systems. However, standard monolayer

Hypoxia downregulates MHC class I
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tumor cultures unexpectedly failed to recapitulate the effects of hypoxia on MHC class I mole-

cules observed in vivo (Fig 2A). This interpretation prompted us to re-assess the current cell

culture system and led us to systematically test different media compositions and culture for-

mats (data not shown). We found that the 3D culture systems accurately replicated the effects

Fig 1. Hypoxia downregulates MHC class I expression on tumor cells in vivo. Whole body exposure of mice with 11 day established MCA205

pulmonary tumors (A, C; n = 6 per group per experiment) or 15 day established subcutaneous tumors (B, D; n = 5 per group per experiment) to 10% oxygen

for 48h significantly downregulated MHC class I expression on tumor cells as compared with mice breathing 21% oxygen. MHC class I levels were

determined by flow cytometry. Representative histograms (A and B) and associated quantification and statistics (C and D) of 2 independent experiments

are shown. The significance of differences was analyzed by the Student’s t-test (two-sided); p = 0.002 (C), p = 0.005 (D). Grey filled: Unstained control; Red:

Hypoxia; Blue: Normoxia. MFI: mean fluorescence Intensity. Error bars indicate SD.

https://doi.org/10.1371/journal.pone.0187314.g001
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of hypoxia on the downregulation MHC class I (H-2Kb, H-2Kd) expression, similar to what

we observed in vivo (Fig 2B and 2C and S1A–S1F Fig). Thus, while routine 2D cultures have

been very valuable to address many experimental questions in immunology, they do not

mimic the physiological hypoxic microenvironments found in in vivo tumors [32]. Hypoxia

was found to downregulate MHC expression in both 2D and 3D cultures of murine thymomas

EL4, since this cell line tends to grow as small 3D clumps in vitro even in typical 2D culture

plates (S1G and S1H Fig).

Fig 2. Hypoxia downregulates MHC class I expression in vitro in 3D but not in 2D culture systems and

requires the deeper hypoxia achieved in the 3D system. (A-C): MCA205 tumor cells were cultured as 2D

monolayers (A) or as 3D spheroids (B,C) and cultured under 21% O2 or 1% O2 for 48h. Levels of MHC class I

expression was determined using flow cytometry. Representative histograms (B) and associated quantification and

statistics (C) of 4 independent experiments are shown. The significance of differences was analyzed by the

Student’s t-test (two-sided); p = 0.013 (C). Grey filled: Unstained control; Red: Hypoxia; Blue: Normoxia. MFI: mean

fluorescence intensity. Inset: 40X magnification of MCA205 grown at 1% O2 in 2D culture (A) or in 3D culture (B).

Error bars indicate SD. (D) Representative flow cytometry histograms of Hypoxyprobe-1 (HP) indicating significantly

increased levels of hypoxia in MCA205 cells grown under 1% oxygen for 48h as 3D spheroids (Red histogram) as

compared with 2D monolayers (Blue histogram). n = 4. (E) Contour plots representing intensity of hypoxia within

MCA205 cultures grown as 2D monolayers show 98% of the population was intermediately hypoxic. (F) MCA205

cells grown as 3D spheroids show two distinct populations of intermediately hypoxic (56%; HP MFI = 309) and

severely hypoxic (39.5%; HP MFI: 1412) regions. (G, H) Gating on the 2 distinct hypoxic populations in the spheroid

revealed inverse correlation between MHC class I and hypoxia levels. Less hypoxic cells had significantly higher

percentage of MHC class I positive cells (G) and more hypoxic regions had lower percentage of MHC class I

positive cells (H). (D-H) Representative data of 4 independent experiments.

https://doi.org/10.1371/journal.pone.0187314.g002
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The lower oxygen tension achieved in 3D culture systems is necessary

for hypoxia-mediated MHC class I downregulation

To explain the differential expression of MHC class I in 2D and 3D cultures, we hypothesized

that variations in levels of hypoxia may occur within each culture system. To test this, we used

the well-documented marker of hypoxia, Hypoxyprobe-1 [33]. We found that MCA205 cells

grown as 3D spheroids under 1% O2 were significantly more hypoxic, as seen by increased

Hypoxyprobe staining, compared to their 2D counterparts cultured under the same conditions

(Fig 2C). Based on the Hypoxyprobe staining, two distinct populations of tumor cells–Hypox-

yprobe high (39.5%) and Hypoxyprobe low (56%), could be identified in the spheroids whereas

the entire population of cells was equally hypoxic when grown as a monolayer in 2D culture

plates (Fig 2C–2E). Similarly, no hypoxic regions could be identified in 2D cultures grown

under normoxic conditions (21% O2), whereas 16% of the population of cells from spheroid

cultures was hypoxic, even under normoxic conditions (S2A, S2B and S2D Fig).

An inverse correlation between MHC class I expression and the levels of hypoxia within the

cells was observed in the 3D spheroids (i.e., Hypoxyprobehigh = MHClow), further confirming

our observations of hypoxia-based downregulation of antigen presentation (Fig 2E–2G, S2C

and S2E Fig).

Down-regulation of MHC class I by hypoxia is associated with less

recognition and killing of tumor cells by cytotoxic T lymphocytes

To determine whether reduced MHC-I expression correlated with poor antigen presentation

to T cells, MCA205 sarcomas transfected with ovalbumin were used as targets in an in vitro
cytotoxicity assay with OVA-specific OT-1 T cells. MCA205-OVA 3D spheroids were grown

under either 1% or 21% O2 condition for 48h. As expected, cells grown under 1% O2 condi-

tions had significantly reduced SIINFEKL-MHC expression (Fig 3B). The spheroids were then

dispersed into single cells and co-cultured with activated OT-1 T cells at 21% O2 for 4h (Fig

3A). We show that CTLs are significantly more effective at killing cognate tumor cells that are

Fig 3. Hypoxia-mediated downregulation of MHC class I expression impairs recognition and killing of tumor cells by CTLs.

(A) Hypoxic-grown MCA205-OVA cells with downregulated MHC class I expression were poorly recognized and killed by effector

OT.1 T cells compared to normoxic controls. OVA expressing MCA205 tumor cells were grown in 3D cultures for 48h in 21% O2

conditions. A subset of these cells were then moved to hypoxic (1% O2) conditions for an additional 24h. The hypoxic and normoxic

spheroids were subsequently co-cultured with activated OT-I T cells. Tumor cells were identified by CellTracker staining (stained

prior to co-culture) and cytotoxicity was assessed based on percent propidium idodide positive tumor cells. Each data point

represents a replicate. Data is representative of 3 independent experiments. (B) Flow cytometry assessment of surface expression

of MHC-SIINFEKL on OVA transfected MCA-205 cells. The tumor cells were grown as 3D spheroids for 48h in either 1% or 21% O2

conditions. Each data point represents an independent experiment. n = 4. Error bars indicate SD. The significance of differences was

analyzed by the Student’s t-test (two-sided); *p = 0.02, ** p = 0.003 (A), p = 0.005 (B).

https://doi.org/10.1371/journal.pone.0187314.g003

Hypoxia downregulates MHC class I

PLOS ONE | https://doi.org/10.1371/journal.pone.0187314 November 20, 2017 5 / 18

https://doi.org/10.1371/journal.pone.0187314.g003
https://doi.org/10.1371/journal.pone.0187314


grown under higher oxygen tension. This data suggests that downregulation of MHC class I by

the hypoxic TME can make tumor cells poorly recognizable by effector T cells.

Hyperoxia upregulates MHC class I expression in vitro in both 2D and 3D

cultures

Validating oxygen-mediated regulation of MHC expression, exposure of tumor cells to hyper-

oxic atmosphere (60% oxygen) enhanced MHC class I expression (Fig 4A–4D; S3A–S3H Fig).

This result is consistent with our previous report in which respiratory hyperoxia (60% oxygen)

significantly increased MHC class I expression on tumor cells in vivo and enhanced clearance

by anti-tumor T cells [31, 34]. The magnitude of MHC induction did not differ between 2D

(Fig 4A and 4C) and 3D (Fig 4B and 4D) cultures.

Molecular oxygen regulates MHC class I expression transcriptionally via

HIF

Equipped with the appropriate in vitro platform, we next explored the mechanisms by which

oxygen tension affected MHC expression. Using MCA205 spheroids cultured in vitro under

Fig 4. Hyperoxia upregulates MHC class I expression equally in 2D and 3D cultures. (A-D): MCA205 tumors were grown as

2D monolayers (A, C) or as 3D spheroids (B, D) at 21% O2 or 60% O2 for 48h. MHC class I levels were determined by flow

cytometry. The magnitude of MHC class I upregulation was similar in 2D and 3D cultures. Representative histograms (A, B) and

associated quantification and statistics (C, D) of 4 independent experiments shown. The significance of differences was analyzed by

the Student’s t-test (two-sided); p = 0.002 (C), p = 0.001 (D). Grey filled: Unstained control; Blue: Normoxia (21% O2); Green:

Hyperoxia (60% O2). Error bars indicate SD.

https://doi.org/10.1371/journal.pone.0187314.g004
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1%, 21%, or 60% O2 for 48h and MCA205 pulmonary tumors from mice exposed to 10%, 21%,

or 60% O2 for 48h, MHC class I mRNA levels were analyzed by RT-qPCR. We found that hyp-

oxia downregulated while hyperoxia upregulated MHC class I mRNA expression both in vivo
(Fig 5A) and in vitro (Fig 5B).

We next set out to determine if hypoxia affected MHC expression by HIF stabilization as it

is known to be a critical transcriptional regulator of cells in hypoxic conditions [35]. siRNA-

mediated knockdown of HIF-1α prevented hypoxia-mediated downregulation of both surface

expression (Fig 6A; S4A and S5A Figs) and transcripts of MHC class I (S4B and S5C Figs).

HIF-1α knockdown did not affect MHC expression in cells cultured under normoxic condi-

tions (Fig 6B; S4A, S4B and S5B Figs). In 3D cultures at 1% O2, HIF-1α siRNA achieved greater

than 90% knockdown of the protein as confirmed by Western blots (Fig 6C; S5D Fig). HIF-1α
expression was not detectable in 21% O2 conditions. siRNA-mediated knockdown of HIF-2α
also prevented hypoxia-mediated downregulation of both surface expression (S6A Fig) and

transcripts of MHC class I (S6B Fig). Thus, HIF-1α and 2α may have redundant roles in regu-

lating MHC class I expression.

To further confirm the role of HIF in MHC class I regulation, we used human renal cell car-

cinoma (RCC) cell lines that are extensively characterized and are known to have constitutively

activated HIF expression due to inactivation of VHL gene [36]. We compared expression levels

of MHC class I in paired isogenic cell lines transfected with empty vector (VHL null; HIF

high) or vector expressing wild-type VHL (VHL restored; HIF low). These genetic control

assays further validated our previous observations, since restoring VHL function, and thereby

reducing HIF-1α levels (Fig 6D1–6F1), significantly upregulated MHC class I surface expres-

sion (Fig 6D–6F, S4C Fig) and transcript levels (S4D Fig). To corroborate the redundant role

of HIF-2α in regulating MHC expression, isogenically paired RCCs that are known to express

only the HIF-2α isoform were used [37]. Restoring VHL and thereby downregulating HIF-2α
levels significantly upregulated both MHC class I surface expression (S6D and S6E Fig) and

transcript levels (S6F Fig).

Fig 5. Molecular oxygen regulates MHC class I expression transcriptionally. (A) Mice bearing MCA205 pulmonary tumors were exposed to either

respiratory hypoxia (10% O2), normoxia (21% O2), or respiratory hyperoxia (60% O2) for 48h. (B) MCA205 tumors grown in vitro in 3D spheroids under

hypoxia (1% O2), normoxia (21% O2), or hyperoxia (60% O2) for 48h. Hypoxia significantly downregulated whereas hyperoxia significantly upregulated MHC

class I transcripts as compared normoxic controls both in vivo and in vitro. RT-qPCR was used to analyze MHC class I (H-2Kb) transcript levels. Ribosomal

protein L32 was used as internal control. Y- axis represents transcript levels relative to normoxic controls. n = 4. The significance of differences was analyzed

by the Student’s t-test (two-sided); p values are as indicated in the figure. Error bars indicate SD.

https://doi.org/10.1371/journal.pone.0187314.g005

Hypoxia downregulates MHC class I

PLOS ONE | https://doi.org/10.1371/journal.pone.0187314 November 20, 2017 7 / 18

https://doi.org/10.1371/journal.pone.0187314.g005
https://doi.org/10.1371/journal.pone.0187314


Fig 6. Hypoxia downregulates MHC class I expression via HIF transcription factors. (A-C): siRNA mediated knockdown of HIF-1α reversed hypoxic

downregulation of MHC class I expression as compared with the scrambled, non-targeting (NT) siRNA control. MCA205 tumor cells were reverse

transfected with scrambled siRNA (NT; red histogram) or with HIF-1α specific siRNA (blue histogram) and cultured as 3D spheroids under 1% (A) or 21%

(B) oxygen for 48h. Levels of MHC class I surface expression was determined using flow cytometry. Efficacy of gene knockdown was assessed using

Western blot (C). β-Actin was used as the loading control. Representative data of 3 independent experiments shown. (D-F): Flow cytometry assessment of

surface expression of HLA-ABC on paired isogenic renal cell carcinoma cell lines RCC4 (D), UMRC2 (E) and CAKI2 (F). Each pair had the parental cell line

that lacked endogenous wild-type VHL (VHL null, transfected with empty vector) and one with vector stably expressing functional VHL (VHL restored).

Restoring VHL function and thereby reducing HIF expression, significantly increased HLA-ABC expression on the cells. Representative histograms of 4

independent experiments are shown. Grey filled: unstained control; red: VHL null genotype; blue: VHL restored genotype. (D1-F1): Inactivation of HIF-1α by

restoring VHL expression was verified by Western blotting for RCC4 (D1), UMRC2 (E1) and CAKI2 (F1) cells. β-Actin was used as the loading control.

https://doi.org/10.1371/journal.pone.0187314.g006
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Molecular oxygen affects expression of TAPs and LMPs

We next explored the effects of oxygen tension on constitutive expression of TAP1, TAP2,

LMP2 and LMP7 proteins, both in vivo and in vitro. These components of the antigen process-

ing machinery have a central role in determining the surface density of peptide-MHC com-

plexes [27, 28] and have been shown to be transcriptionally downregulated by VHL/HIF in
vitro [9].

MCA205 pulmonary tumors from mice exposed to 10%, 21% or 60% O2 for 48h and

MCA205 spheroids cultured in vitro under 1%, 21% or 60% O2 for 48h were analyzed by West-

ern blot. Hypoxia significantly downregulated TAP1, TAP2 and LMP7 both in vitro (Fig 7A

and 7C) and in vivo (Fig 7B and 7D), with modest effects on LMP2 expression. Hyperoxia

upregulated expression of TAP2, LMP2 and LMP7 both in vitro (Fig 7A and 7C) and in vivo
(Fig 7B and 7D), with no effect on TAP1 expression.

Fig 7. Hypoxia downregulates and hyperoxia upregulates expression levels of TAPs and LMPs. (A, C) MCA205 tumor cells were cultured in vitro as

3D spheroids for 48h under 1%, 21% or 60% oxygen. (C) Relative band intensity, normalized to the loading control and 21% oxygen samples is shown. (B,

D) For in vivo experiments, tumor nodules (MCA205 pulmonary tumors) were harvested from mice exposed to respiratory hypoxia (10% oxygen), normoxia

(21% oxygen) or hyperoxia (60% oxygen) for 48h. (D) Relative band intensity, normalized to the loading control and 21% oxygen samples is shown. Protein

levels were determined by Western blot. β-actin was used as loading control. Representative blots with samples from 2 independent experiments are

shown.

https://doi.org/10.1371/journal.pone.0187314.g007
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Positive correlation between oxygen tension and expression of genes critical to antigen pre-

sentation suggests that oxygen tension may dictate the density of cell surface peptide-MHC

class I complexes. In agreement with this proposition, hyperoxia significantly upregulated

MHC class I presentation of the immunodominant ovalbumin peptide SIINFEKL [38] in B16

melanoma cells and MCA-205 fibrosarcoma cells transfected with ovalbumin (S6A and S6B

Fig).

Discussion

Cancer cells with reduced or lost MHC expression avoid immunosurveillance and are not suf-

ficiently immunogenic to activate anti-tumor immune responses [21]. Preventing MHC

downregulation can potentiate the efficacy of many forms of cancer immunotherapy including

cancer vaccines, adoptive cell transfer and immune checkpoint inhibitors [18, 39]. Expression

of MHC is controlled by complex regulatory signals and can involve distinct transcriptional

machinery under different microenvironments [23]. In this study, we provide evidence for

oxygen tension to serve as an important extrinsic signal that regulates levels of MHC class I on

tumors. Indeed, tissue hypoxia, which is frequently found in tumors [40], is shown to downre-

gulate MHC class I expression.

Mechanistically, we show that oxygen tension affects transcription of MHC class I heavy

chains, with hypoxia downregulating and hyperoxia upregulating mRNA levels of MHC class I

(Fig 5). Further analysis revealed the role of HIF in regulating MHC expression (Fig 6). Data

from studies using paired isogenic renal cell carcinomas with non-functional (VHL null; HIF-

1α/2αhigh) and functional VHL protein (VHL restored; HIF-1α/2αlow), along with siRNA of

HIF, allowed us to firmly implicate the role of HIF in downregulating MHC class I expression.

Interestingly, there is a noticeable delay from the induction of HIF and the downregulation of

MHC class I. This observation, in conjunction with (i) an undefined hypoxia-response element

in the MHC promoter (ii) evidence in literature that HIF-dependent gene suppression is typi-

cally due to indirect mechanisms rather than direct promoter binding [41], is indicative of a

second regulator downstream of HIF. It remains to be established whether HIF-1α targets that

are known to regulate MHC expression such as Signal Transducer and Activator of Transcrip-

tion 1 (STAT1) and Interferon Regulatory Factor (IRF) 1 and 9 [9, 42] are involved.

Our data also attracts attention to the hyperoxia-mediated upregulation of MHC class I

expression in vivo and in vitro. Since exposure to hyperoxic atmospheres can reverse tissue

hypoxia and HIF-1α expression in tumors [31], hyperoxia may increase MHC class I levels by

blocking the hypoxia-mediated MHC downregulation. However, the in vitro data suggests the

presence of a second mechanism. In vitro cell culture at 21% oxygen, especially as conventional

2D cultures, is not deeply hypoxic (S2 Fig, Fig 6C), but MHC expression was significantly

upregulated by 60% oxygen. This result suggests a mechanism independent of HIF degrada-

tion. Our working hypothesis for this in vitro observation is that molecular oxygen is able to

recruit an otherwise latent transcriptional network independent of hypoxia and HIF, which

provides a synergistic effect on overall MHC class I expression. In addition, previous studies

have shown that the core promoter of MHC class I gene is comparable to a ‘flexible platform’

that recruits different transcription factors based on microenvironmental cues [24, 43]. Future

work will determine if reactive oxygen species, which have been shown to behave as signaling

molecules [44, 45], have a role in hyperoxic upregulation of MHC expression in vitro.

In addition to transcriptional regulation of MHC, we sought to study the effects of oxygen

tension on TAPs and LMPs since these components of the antigen processing pathway have

been shown to have a dominant role in determining the density of cell surface peptide-MHC

complexes [26, 28] and were identified as potential targets of the VHL and HIF-1α pathway

Hypoxia downregulates MHC class I
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[9]. We found that hypoxia downregulated TAP1, TAP2 and LMP7 both in vitro and in vivo,

while hyperoxia significantly upregulated TAP2, LMP2 and LMP7 (Fig 7). These results sug-

gest that oxygen regulates MHC-peptide presentation not only transcriptionally but also

through the modulation of peptide generation and transport into the endoplasmic reticulum.

Taken together, these data firmly suggests that oxygen tension has a key role in determining

tumor immunogenicity. Further support for this study comes from our previous observations

[31] of lower tumoral MHC class I expression in hypoxic regions of the TME and studies in

renal cell carcinomas which showed VHL mutations (i) conferred increased susceptibility to

natural killer cell-mediated lysis [46] and (ii) identified several genes of the antigen-presenta-

tion pathway, including MHC class I and II genes, as potential targets of VHL in a RNA screen

of interferon-stimulated responsive element (IRSE) regulated genes [9]. Thus, the current

study provides a justification for the therapeutic oxygenation or inhibition of HIF-α-mediated

signaling in combination with immunotherapies of cancer [31, 34]. Indeed, reversal of hypoxia

by oxygen supplementation may deprive tumors of yet another strategy to evade the immune

response at the level of antigen recognition. From a translational point of view, the hyperoxia-

induced upregulation of MHC expression in vitro has important implications for improving

efficacy of tumor-cell based vaccines by increasing the surface density of peptide-MHC

molecules. In addition, culturing tumor cells under hyperoxic conditions may also be benefi-

cial in discovering new immune epitopes that were perhaps below the limit of detection

previously.

Our study also highlights the importance of choosing the right in vitro platform in investi-

gating complex biological interactions. Mechanistic understanding of hypoxia-mediated MHC

downregulation described here would remain indefinable without overcoming the limitations

of routinely-used 2D in vitro cell culture systems. Of methodological significance, these data

also offer a proof of principle for a novel approach to reproduce the physiologically relevant

biological effects of hypoxic exposure by switching to 3D culture.

In conclusion, we have provided in vivo and in vitro evidence that the TME mediated hyp-

oxia-HIF-α signaling cascade decreases expression of MHC class I and could provide tumors

with a fundamental mechanism to evade immunosurveillance by CTLs.

Materials and methods

Cell lines

MCA205 (gift from Dr. Suyu Shu, Cleveland clinic), 4T.1 (ATCC #CRL-2539), P815 (ATCC

#TIB-64), RMA (gift from Dr. Scott Abrams, NCI), B16 transfected with ovalbumin (gift from

Dr. Kai W. Wucherpfennig, DFCI), MCA205 transfected with ovalbumin (gift from Dr. John

M. Routes, Children’s Hospital of Wisconsin), EL4 (ATCC #TIB-39), renal cell carcinoma cells

RCC4, UMRC2, Caki-2, A-498 and 786–0 with or without the lentiviral vector (pcDNA3) for

VHL gene (gift from Dr. William G. Kaelin, DFCI [47]), were cultured in RPMI-1640, 10%

FBS.

2D and 3D culture systems

Cells were cultured as monolayers using conventional 96-well or 35mm culture plates (Corn-

ing; # CLS3603; #430165). For spheroid culture, cells were grown in Scivax plates, either the

35mm dishes or 96-well plates (Scivax; #NCD-LS35-5; #NCP-LS96). Cells were cultured for

24-48h to allow for the formation of spheroids before using in experiments, with the exception

of RNAi experiments. Images of cells in 2D and 3D systems were captured using an inverted

microscope fitted with Olympus camera.
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Animals

Female C57BL/6J (B6) mice, 11 weeks old, were purchased from Jackson Laboratory. All ani-

mal experiments were conducted in accordance with IACUC guidelines of Northeastern Uni-

versity (protocol approved by IACUC of Northeastern university. Protocol number: 13–0928

R, previous number: 10–1031 R).

Tumors

For establishment of pulmonary tumors, B6 mice were injected intravenously with 1×105

MCA205 cells suspended in 200μl of HBSS. For establishment of subcutaneous tumors, B6

mice were injected in the flank with 3×105 MCA205 cells suspended in 100μl of HBSS. When

tumors reached 200-250mm3, day 11 (pulmonary tumors) or day 15 (subcutaneous tumors),

mice were randomly divided into three groups and exposed to normoxia (21% O2), hypoxia

(10% O2) or hyperoxia (60% O2) for 48h. Hypoxic exposure was achieved using the Biospherix

Oxycycler (#A84XOV). Hyperoxic (60% oxygen) exposure was achieved using chambers as

described previously [34]. Mice were monitored for health status daily and tumor volumes

were monitored thrice a week using a digital calipers. Post oxygen treatments, mice were

humanely euthanized by carbon dioxide inhalation and tumors collected for further analysis.

No anesthetics or analgesics were used.

In vitro hypoxic and hyperoxic culture and Hypoxyprobe analysis

Cells grown in 2D and 3D culture systems were exposed to hypoxia (1% O2, 5% CO2), nor-

moxia (21% O2, 5% CO2) or hyperoxia (60% O2, 5% CO2) for 48h. Hypoxyprobe™-1 Kit

(Hypoxyprobe Inc; #HP1-200Kit) was used to detect hypoxia. Briefly, cells in 2D and 3D sys-

tems were incubated with 150 μM of Hypoxyprobe for 1h. The cells were then extensively

washed and levels of MHC class I and Hypoxyprobe were assessed using flow cytometry.

Flow cytometry

Pulmonary or solid tumors were excised and subjected to gentle mechanical dissociation by

chopping the tumors into small sections and teasing apart tissue with needles. Enzymatic dis-

sociation of tumors was intentionally avoided to prevent damage to cell surface markers. Cells

cultured in 2D cultures were harvested by using cell dissociation buffer (Thermo Scientific;

#13151–014). 3D spheroids were harvested and dissociated by gentle pipetting. The cells were

then incubated with mAbs, and acquired on a FACSCalibur. Monoclonal antibodies used were

mouse MHC class I (Biolegend; #116518), mouse H-2Kb-SIINFEKL (Biolegend; #141603),

human HLA-ABC (eBiosciences; #11-9983-42), Hypoxyprobe (Hypoxyprobe Inc; #HP1-

200Kit). Dead cells were excluded by using the live/dead fixable dead cell stain (Invitrogen,

#L34961). Tumor cells were analyzed using FlowJo (Tree Star) software.

Reverse transcription polymerase chain reaction (RT-PCR)

RNA was extracted from mice with 11-day established pulmonary tumors or spheroids treated

with different oxygen tensions for 48h using the RNeasy Kit (Qiagen; #74104). RT-PCR was

performed using the RT2 SYBR green PCR master mix (Life Technologies, #4309155) on an

Applied Biosciences 7300. Primers were purchased from SABiosciences (Qiagen; #PPM25849D-

200). Ribosomal protein L32 (Qiagen; #PPM03300B-200) was included as the internal

control.
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RNA interference

MCA205 cells were reverse transfected with scrambled control (Dharmacon; #D-001810-10)

or siRNA specific to HIF-1α gene (Dharmacon; #L-040638-00-0005) or HIF-2α gene (Dhar-

macon; #L-040635-01-0005), using Lipofectamine reagent per manufacturer’s instructions

(Thermo; #13778030). The cells were then grown on Scivax plates for 48h under 21% or 1%

O2. Efficacy of gene knockdown was assessed using Western blot.

Western blot

Spheroids and in vivo tumor samples were lysed in RIPA buffer (Boston Bioproducts; #BP-

115) with protease and phosphatase inhibitors (AG Scientific; #P-1551). 40μg of protein was

loaded per sample and fractionation with SDS–PAGE was followed by wet transfer to PVDF

membrane. Antibodies used were HIF-1α (Novus Biologicals; #NB100-479); HIF-2α (CST;

#7096); TAP1 (Santa Cruz; #sc-11465); TAP2 (Santa Cruz; #sc-25612); LMP2 (Santa Cruz;

#sc-373689); LMP7 (Cell Signaling; #D1K7X); β-actin (Sigma-Aldrich; #A2228).

T cell stimulation and cytotoxicity assay

Splenocytes from OT-1 mice were activated in vitro with 100 ug/mL OVA for 48h. CD8 T cells

were then isolated (R&D; #MAGM203) and used in the cytotoxicity assay.

Ovalbumin-transfected MCA205 tumor cells were stained with Cell Tracker Deep Red

(Thermofisher; #C34565) and grown in 3D cultures for 24h in 21% or 1% O2 post-spheroid

formation. Spheroids were dissociated using the spheroid dispersion solution (Scivax; #SD4X)

before use in cytotoxicity assays. To assess cytotoxicity, 10,000 target cells were incubated for

4h at 37˚C, 21% O2, with different ratios of effector T cells as indicated. At the end of 4h, propi-

dium iodide was used to determine the proportion of dead tumor cells (cell tracker +, PI+).

Statistics

The significance of differences was analyzed by the Student’s t-test (two-sided). P values are

listed within the figures and figure legends.

Supporting information

S1 Fig. Hypoxia downregulates MHC class I expression in vitro in 3-dimensional (3D) but

not in 2-dimensional (2D) culture systems. 4T.1 breast carcinoma (S1 A,B), P815 mastocy-

toma (S1 C,D), RMA T lymphoma (S1 E,F) and EL4 thymoma (S1 G,H) were cultured as 2D

monolayers (indicated as 2D) or as 3D spheroids (indicated as 3D) and cultured under 21%

O2 or 1% O2 for 48h. Levels of MHC class I expression was determined using flow cytometry.

Representative histograms of 4 independent experiments are shown. Grey filled: unstained

control; red: hypoxia; blue: normoxia. MFI: mean fluorescence intensity. Inset of S1 G,H: 40X

magnification of El4 cells grown at 1% O2 in 2D culture (G) or in 3D culture (H) representing

the growth of these cells in clumps irrespective of the culture format.

(TIF)

S2 Fig. Detection of hypoxic regions in 3D spheroids cultured under normoxic conditions.

MCA-205 fibrosarcoma cells were grown as spheroids (S2A) or flat monolayer (S2B) in nor-

moxic conditions (21% oxygen) and levels of hypoxia in each culture system assessed using

hypoxyprobe. About 16% of the population was hypoxic in the 3D spheroids whereas there

was no detectable levels of hypoxia in the 2D cultured cells. In 3D spheroids of EL4, about 20%

of the population was hypoxic (S2D). Representative contour plots of three independent
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experiments shown. (S2C, E) Mean fluorescent intensity (MFI) of MHC class I expression on

3D spheroids (MCA205; S2C, EL4; S2E) from less hypoxic (HP low) and more hypoxic (HP

high) regions showed inverse correlation between hypoxia and MHC class I expression. Each

point on graph represents an independent experiment with the average represented as a dash.

(TIF)

S3 Fig. Hyperoxia upregulates MHC class I expression equally in 2D and 3D cultures. 4T.1

breast carcinoma (S3 A,B), P815 mastocytoma (S3 C,D), RMA T lymphoma (S3 E,F) and EL4

thymoma (S3 G,H) were cultured as 2D monolayers (indicated as 2D) or as 3D spheroids

(indicated as 3D) and cultured under 21% O2 or 60% O2 for 48h. Levels of MHC class I expres-

sion was determined using flow cytometry. Representative histograms of 4 independent exper-

iments are shown. Grey filled: unstained control; blue: normoxia; green: hyperoxia. MFI:

mean fluorescence intensity.

(TIF)

S4 Fig. Hypoxia downregulates MHC class I expression via HIF transcription factors;

extended data from Fig 6.

(SA, B): siRNA mediated knockdown of HIF-1α reversed hypoxic downregulation of MHC

class I expression as compared with the scrambled, non-targeting (NT) siRNA control.

MCA205 tumor cells were reverse transfected with scrambled siRNA (NT) or with HIF-1α
specific siRNA and cultured as 3D spheroids under 1% or 21% oxygen for 48h. Levels of MHC

class I surface expression was determined using flow cytometry; quantitative analysis of repre-

sentative histograms shown in Fig 6 shown here (A). Levels of MHC class I transcripts were

assessed using RT-qPCR (B). Average data of 3 independent experiments are shown.

(S4C, D): Flow cytometry assessment of surface expression of HLA-ABC (S4C) and RT-qPCR

analysis of HLA-ABC transcript levels (S4D) on paired isogenic renal cell carcinoma cell lines

RCC4, UMRC2 and CAKI2. Each pair had the parental cell line that lacked endogenous wild-

type VHL (VHL null, transfected with empty vector) and one with vector stably expressing

functional VHL (VHL restored). Restoring VHL function and thereby reducing HIF expres-

sion, significantly increased HLA-ABC surface expression and transcript levels in the cells.

Average data of 4 independent experiments are shown.

(TIF)

S5 Fig. Hypoxia downregulates MHC Class I expression via Hif-1α(S5A-D). siRNA medi-

ated knockdown of HIF-1α reversed hypoxic downregulation of MHC class I expression as

compared with the scrambled, non-targeting (NT) siRNA control. EL4 tumor cells were

reverse transfected with scrambled siRNA (NT; Red histogram) or with HIF-1α specific

siRNA (blue histogram) and cultured as 3D spheroids under 1% (S5A) or 21% (S5B) oxygen

for 48h. Levels of MHC class I surface expression was determined using flow cytometry (S5A,

B). RT-qPCR was used to analyze MHC class I transcript levels. Ribosomal protein L32 was

used as internal control (S5C). Efficacy of gene knockdown was assessed using western blot

(S5D). β-actin was used as the loading control. Representative data of 2 independent experi-

ments are shown.

(PNG)

S6 Fig. HIF-1α and HIF-2α have redundant roles in downregulating MHC class I expres-

sion.

(S6A-C): siRNA mediated knockdown of HIF-1α, HIF-2α or both reversed hypoxic downregu-

lation of MHC class I expression as compared with the scrambled, non-targeting (NT) siRNA

control. MCA205 tumor cells were reverse transfected with scrambled siRNA (NT) or with

HIF-1α, HIF-2α or both HIF-1α and HIF-2α specific siRNA and cultured as 3D spheroids
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under 1% or 21% oxygen for 48h. Levels of MHC class I surface expression was determined

using flow cytometry (S6A). Transcripts levels were determined by RT-qPCR, with Ribosomal

protein L32 as internal control (S6B). Efficacy of gene knockdown was assessed using western

blot (S6C). Greater than 90% knockdown of HIF-1α/ HIF-2α was achieved. β-actin was used as

the loading control. Average data of 3 independent experiments are shown.

(S6D-F): Flow cytometry assessment of surface expression of HLA-ABC on paired isogenic

renal cell carcinoma cell lines A-498 (D) and 786–0 (E). Each pair had the parental cell line that

lacked endogenous wild-type VHL (VHL null, transfected with empty vector) and one with vec-

tor stably expressing functional VHL (VHL restored). Restoring VHL function and thereby

reducing HIF expression, significantly increased HLA-ABC expression on the cells (S6D,E) and

transcript levels (S6F). Representative histograms of 4 independent experiments are shown.

Grey filled: Unstained control; Red: VHL null phenotype; Blue: VHL restored phenotype. For

RT-qPCR, average data from 4 independent experiments shown.

(TIF)

S7 Fig. Hyperoxia upregulates presentation of ovalbumin peptide SIINFEKL. (S7A,B) 60%

O2 significantly upregulated expression of the immunodominant peptide of ovalbumin, SIIN-

FEKL. B16 melanoma cells (S7A) or MCA205 fibrosarcoma cells (S7B) transfected with oval-

bumin were cultured as 3D spheroids for 48h either under 21% or 60% O2. Levels of MHC

class I-SIINFEKL surface expression was determined using flow cytometry, with overnight

incubation at 4˚C with the mAb to MHC-SIINFEKL. Representative histograms of 4 indepen-

dent experiments are shown. Grey filled: unstained control; blue: normoxia; green: hyperoxia.

MFI: mean fluorescent intensity.

(TIF)
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