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Abstract

Cancer immunotherapy aims to harness the immune system to combat malignant processes. 

Transformed cells harbor diverse modifications that lead to formation of neoantigens, including 

aberrantly expressed cell surface carbohydrates. Targeting tumor-associated carbohydrate antigens 

(TACA) holds great potential for cancer immunotherapy. N-glycolylneuraminic acid (Neu5Gc) is a 

dietary non-human immunogenic carbohydrate that accumulates on human cancer cells, thereby 

generating neoantigens. In mice, passive immunotherapy with anti-Neu5Gc antibodies inhibits 

growth of Neu5Gc-positive tumors. Here we designed an active cancer vaccine immunotherapy 

strategy to target Neu5Gc-positive tumors. We generated biomimetic glyconanoparticles using 

engineered αGal knock-out porcine red blood cells to form nano-ghosts (NGs) that either express 

(NGpos) or lack expression (NGneg) of Neu5Gc-glycoconjugates in their natural context. We 

demonstrated that optimized immunization of ‘human-like’ Neu5Gc-deficient Cmah−/− mice with 

NGpos glyconanoparticles induce a strong, diverse and persistent anti-Neu5Gc IgG immune 

response. Resulting anti-Neu5Gc IgG antibodies were also detected within Neu5Gc-positive 

tumors and inhibited tumor growth in vivo. Using detailed glycan microarray analysis, we further 

demonstrate that the kinetics and quality of the immune responses influence the efficacy of the 
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vaccine. These findings reinforce the potential of TACA neoantigens, and the dietary non-human 

sialic acid Neu5Gc in particular, as immunotherapy targets.
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Immunotherapy for cancer treatment has made important advancement in recent years.1, 2 It 

generally aims to induce or expand the host anti-cancer immune response that can 

distinguish subtle differences between cancer and normal cells.3 The three common 

immunotherapies are: targeted cellular therapeutics (i.e. adoptive T cell therapy),4–6 immune 

checkpoint blockade (e.g. blocking monoclonal antibodies targeting CTLA-4, PD-1 or PD-

L1), 7–9 and therapeutic cancer vaccines.10 Based on their composition, vaccines can 

stimulate adaptive immune responses of tumor-specific cytotoxic T cells and antibodies 

against tumorassociated antigens,3, 11, 12 yet with only limited success,3, 11, 13–15 mainly due 

to difficulties in identifying target antigens.3

Although carbohydrates have long been considered to be poorly immunogenic, their 

enormous potential as therapeutic targets led to design of carbohydrate-based vaccines.16–19 

Carbohydrate chains (glycans) are ubiquitously expressed on the surface of cells, where they 

are optimaly located for recognition by antibodies and immune receptors, either for 

protection or for elimination. Thus, various carbohydrate-based vaccines have been actively 

pursued to target not only various bacteria, viruses or parasites, but also cancer cells.16, 17, 20 

Cancer cells express aberrant glycosylation patterns compared to normal cells, and TACAs 

can be targeted for tumor cell killing through direct apoptosis, Fc-positive effector cells or 

complement.21–23

Sialic acids (Sia) cover cell surface glycans and frequently have altered expression on cancer 

cells that correlate with cancer progression and/or metastasis.24–28 N-acetylneuraminic acid 

(Neu5Ac) and its hydroxylated form, N-glycolylneuraminic acid (Neu5Gc), are the two 

major Sia forms in mammals.29 While humans cannot synthesize Neu5Gc due to a specific 

inactivation of the CMAH gene,30 this non-human Sia incorporates into human cells through 

consumption of red meat and dairy,31, 32 and substantially accumulate on carcinomas.33 

Thus, Neu5Gc presentation on tumor cells generates a variety of neoantigens that could 

potentially be targeted for immunotherapy. Passive transfer of anti-Neu5Gc antibodies 

inhibited growth of Neu5Gc-positive tumors in vivo in the human-like Neu5Gc-deficient 

Cmah−/− mouse model.34, 35

Here we investigated the potential targeting of Neu5Gc-neoantigens for immunotherapy by 

an active cancer vaccine. For this purpose, we generated biomimetic glyconanoparticles that 

express Neu5Gc-glycoconjugates in their natural context. As a control, we also generated 

equivalent glyconanoparticles that express Neu5Ac-glycoconjugates. Then, we optimized 

immunization of Cmah−/− mice with the cancer vaccine glyconanoparticles to induce a 

potent and sustained anti-Neu5Gc immune response, that inhibited tumor growth in vivo. 

Vaccine response was monitored by a robust high-throughput sialoglycan microarray, and 
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the analysis revealed that the kinetics and quality of the developed immune response 

influence the efficacy of the therapeutic cancer vaccine.

Results and Discussion

Generation and physical characterization of biomimetic glyconanoparticles

We designed an erythrocytes-based active cancer vaccine immunotherapy strategy to target 

Neu5Gc-positive tumors. Erythrocytes (red blood cells; RBCs) are attractive for various 

nano-biomedical applications.36–38 RBCs are biconcave disc shaped cells (~7.8 μm × ~2.5 

μm) that lack nucleus, with plasma membrane surface area of ~160 μm2 (Figure 1A).39, 40 

RBCs are resistant to adhesion to endothelium, partly mediated by their glycocalyx that is 

abundantly covered with negatively charged sialic acids.39, 41 To generate biomimetic 

glyconanoparticles that express Neu5Gc-TACA in their natural context, we used porcine-

derived RBC that naturally express Neu5Gc-glycoconjugates due to their active CMAH 

enzyme. However, porcine also express the carbohydrate αGal (Galα1−3Galβ1−4GlcNAc-

R) that is an immunogenic xenoantigen in humans, and against which all humans have 

circulating anti-Gal antibodies.42 To eliminate the αGal antigen we used a porcine strain that 

is deficient in the GGTA1 gene encoding the α1,3-galactosyltransferase (α1,3GT).43 Thus, 

we used RBCs from two porcine knockout strains that express either Neu5Gc-

glycoconjugates (Neu5Gcpos; Ggta1−/− knocked-out strain;43 Gal-KO), or control 

glycoconjugates that lack Neu5Gc, but instead express the non-immunogenic Neu5Ac 

(Neu5Gcneg; double-knocked-out Ggta1−/−/Cmah−/− strain;44 Gal/Gc-DKO) (Figure 1a). 

RBCs were first purified from fresh blood of these porcine knockout strains by 

centrifugation and PBS wash. Then isolated RBCs went through membrane rupture in a 

hypotonic buffer to remove the intracellular contents. Next, the emptied RBC were washed, 

then re-suspended to form glycoproteolipid nano-ghost vesicles (NGs). These 

glyconanoparticles were designed to be biomimetic nano-sized particles containing a glycan 

shell that mediates its immunogenic properties.

We next examined the physiochemical properties of these NGs biomimetic 

glyconanoparticles using Cryo transmission electron microscopy (cryo-TEM), showing a 

similar and uniform morphology of NGs that either express Neu5Gc (Neu5Gcpos−NG; 

NGpos) or lack its expression (Neu5Gcneg−NG; NGneg) (Figure 1b). Dynamic light 

scattering (DLS) indicated that both NGpos/NGneg had a similar Zeta potential of 

approximately −25 mV (Figure 1c), and an average hydrodynamic diameter of ~400 nm 

(Figure 1d-e).

Further biochemical characterization demonstrated similar protein content by silver staining 

(Figure 2a), containing all expected major RBC membrane protein bands.40 Subsequently, 

the sialic acid (Sia) content was compared between the two NGs preparations by Western 

blot developed with the Sia-binding proteins: lectins that binds both Neu5Ac- and Neu5Gc- 

that are Siaα2−6-linked to underlying glycans (Sambucus Nigra Agglutinin; SNA) or 

Siaα2−3-linked to underlying glycans (Maackia Amurensis Lectin II; MAL-II), and the 

polyclonal chicken-anti-Neu5Gc IgY that bind various Neu5Gc-containing glycans (Figure 

2b).45, 46 Sia-specific binding was confirmed by mild-periodate oxidation treatment that 

truncates two carbons off the Sia side chain, hence resulting in loss of Sia-binding.47 This 
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biochemical analysis revealed that parallel glycoproteins bands were stained with both SNA 

and MAL-II lectins, demonstrating both terminal Siaα2−6 and Siaα2−3, and supporting a 

similar Sia content in both NGpos/NGneg (Figure 2b). Importantly, the Sia staining was 

mostly removed with periodate oxidation confirming Sia-specific recognition (Figure 2b). In 

addition, Neu5Gc was only present in NGpos but not in NGneg, and its staining was 

eliminated after treatment with periodate (Figure 2b). Taken together, these results indicate 

that the only difference between NGpos/NGneg preparations is the presence or lack of 

Neu5Gc expression, respectively. In fact, NGpos contain diverse Neu5Gc-glycans, while 

NGneg contain diverse Neu5Ac-glycans. Of note, the glycans on these two NGs preparations 

differ only by the additional hydroxyl group in glycans covered with Neu5Gc instead of 

Neu5Ac.

Surface Sia expression on NGs is critical for its application as a successful and reproducible 

active cancer vaccine. Once prepared, the NGs were kept frozen at −80 °C until further use. 

To monitor the stability of NGs after several freeze-thaw cycles, NGs were printed onto 

epoxide-activated glass slides using a nano-printer, then slides were developed with Sia-

binding proteins. The results indicated that Sia content had not changed after one freeze-

thaw cycle, however SNA and anti-Neu5Gc IgY reactivity had been greatly reduced at the 

second and third freeze-thaw cycles, respectively (Figure 2c). This is likely due to NGs 

degradation or inside-out flipping, both resulting in reduced expression of sialylated 

antigens. Similar results were obtained when freshly-prepared, or once-thawed NGs, were 

coated onto ELISA plate and examined with SNA, MAL-II and anti-Neu5Gc IgY, 

demonstrating stable reactivity after one freeze-thaw cycle (Figure 2d). Therefore, to 

preserve their efficacy all NGs preparations had been aliquoted and used fresh or after only 

one freeze-thaw cycle in all subsequent studies.

NGs vaccination allows sustained and robust anti-Neu5Gc antibody response

Active vaccination can induce a sustained and broad immune response, given optimization 

of various factors, such as antigen immunogenicity, adjuvant, number of exposures and 

intervals between exposures.48, 49 To optimize the immunization protocol for sustained anti-

Neu5Gc antibodies response in mice, we first immunized Cmah−/− mice with NGpos 

(Neu5Gc-glycans) or control NGneg (Neu5Ac-glycans) emulsified in Freund’s Complete 

Adjuvant (FCA), followed by two boost injections emulsified in Freund’s Incomplete 

Adjuvant (FIA), at two-week intervals (B2W; Figure S1a).

Mouse sera were collected weekly, then sera antibodies response was evaluated by 

sialoglycan microarrays printed with a diverse collection of Neu5Gc-glycans and Neu5Ac-

glycans. This analysis showed an IgG response against only some of the Neu5Gc-glycans, 

which had dropped to baseline at week 6, two weeks after the second boost (Figure S1b-c). 

Adding a third boost at week 6 slightly improved the diversity of anti-Neu5Gc IgG response, 

that was also sustained through week 10 (B2W; Figure 3). In both immunization protocols 

(B2W, 2 or 3 boosts), there was a complete absence of response against any of the Neu5Ac-

glycans, that differ by only a single oxygen atom from their counterpart Neu5Gc-glycans 

(Figure S1, Figure 3). Similarly, immunization with the control NGneg (Neu5Ac-glycans) 

did not show any response against both Neu5Ac/Neu5Gc-glycans (Figure 3). These results 
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exemplify the tolerance against the native Neu5Ac-glycans, in contrast to the high 

immunogenicity of Neu5Gc-glycans.

Adjuvants can enhance and shape vaccine immune responses, and vaccine schedules can 

dramatically affect antibody magnitude and persistence, with longer intervals between 

injections generally yielding greater responses.48 To evaluate the contribution of the 

adjuvant to the developed response in mice, Cmah−/− mice were immunized (B2W, 2 boosts) 

with NGpos or NGneg, with or without adjuvant. Analysis of sera obtained at week 6 revealed 

a clear contribution of the adjuvant to the level and diversity of the developed anti-Neu5Gc 

IgG response (Figure S2). Next, the interval between boost injections was further optimized 

and persistence of response evaluated. Cmah−/− mice were immunized with NGpos in FCA, 

then with two boost injections in FIA after one and two weeks, followed by a third boost 6 

weeks after primary immunization (B1W; Figure 3a). Glycan microarray analysis revealed a 

highly diverse, robust and persistent anti-Neu5Gc IgG response, that remained high even 10 

weeks post primary immunization (Figure 3b). Boosting with the Neu5Gc-deficient NGneg-

FIA after primary immunization (Figure S3a) showed a much lower anti-Neu5Gc response 

compared to boosting with NGpos-FIA (Figure S3b), while this change had no effect on the 

developed immune response against the NG-carrier, that was similar between the two 

boosting regimens (Figure S3c). Hence the presence of Neu5Gc during boosting is important 

for the development of anti-Neu5Gc response. Overall, the B1W vaccination regimen 

(weeks 0, 1, 2, 6) with NGpos boosting, had proved to be more efficient than B2W (weeks 0, 

2, 4, 6), yielding a high and specific anti-Neu5Gc IgG response that was sustained for at 

least 4 weeks after the third boost.

Evaluating cancer vaccine efficacy against Neu5Gc-positive tumors

Previous studies showed that treatment of Neu5Gc-positive tumors with passively 

transferred human34 or mouse35 anti-Neu5Gc antibodies in the Neu5Gc-deficient Cmah−/− 

mouse model have dualistic and contrasting responses.34, 50, 51 While high dose anti-

Neu5Gc antibodies inhibited tumor growth,34 a low dose treatment actually promoted tumor 

growth.34, 52, 53 Furthermore, the shift between these opposite dosage effects occurred at a 

very narrow range, of even only two-fold changes.35 As such, anti-Neu5Gc antibodies are 

both cancer biomarkers and potential therapeutics.34, 54

To evaluate the active vaccination at a low quality of response, mice were immunized with 

NGpos or NGneg at the non-optimal B2W regimen (weeks 0, 2, 4; Figure S4a), then 

syngeneic Neu5Gc-positive tumors (mouse adenocarcinoma MC-38) were inoculated 

subcutaneously at week 5.5 and tumor growth monitored. While NGpos-vaccinated mice 

showed a slight decrease in tumor growth compared to NGneg-vaccinated group, this trend 

was not statistically significant (Figure S4b). Nevertheless, it was encouraging to find that, 

unlike passive therapy,34, 35 even at a low quality of anti-Neu5Gc antibodies response 

(Figure S1), active vaccination did not mediate promotion of tumor growth, suggesting that 

the active vaccine is safe with respect to the negative low dose effects.

Next, we evaluated the therapeutic efficacy of the optimized active vaccine regimen and its 

effect on tumor growth in vivo. Mice were immunized with NGpos or NGneg at the optimal 

B1W regimen (weeks 0, 1, 2, 6), syngeneic Neu5Gc-positive MC-38 tumor cells were 
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inoculated subcutaneously at week 7.5 then tumor growth and antibodies responses 

monitored (Figure 4a). In this case, tumor growth was dramatically inhibited in the vaccine-

treated group (NGpos) compared to the control-treated group (NGneg) (Figure 4b). All 

groups showed minimal serum IgM/IgG responses against the NGneg-carrier, but higher 

response against NGpos-carrier that is likely mediated by its immunogenic Neu5Gc 

component (Figure S5). Detailed glycan microarray analysis revealed that following NGpos 

vaccination, exposure to the inoculated Neu5Gc-positive tumors at week 7.5 mediated a 

dramatic enhancement in the average anti-Neu5Gc IgG response, compared to the group that 

had not been exposed to the tumors (Figure 4c). This reflected an increase in antibodies 

binding reactivity against all examined Neu5Gc-glycans (Figure 4d), likely also representing 

an increase in the affinities of these antibodies.55 In contrast, the inoculated tumors had no 

effect on the developed anti-Neu5Gc IgMs response (Figure S6) that had dramatically 

increased immediately after the third boost on week 6, even before tumor inoculation, then 

remained static for two weeks (Figure S6b). Importantly, the control NGneg treatment did 

not result in any serum response against Neu5Gc-glycans, even after tumors inoculation 

(Figure 4c-d).

In humans when tumors develop later in life, the continued consumption of dietary Neu5Gc 

(red meat, dairy) result in its preferential accumulation on developed tumor cells,32 due to 

their higher metabolism and elevated expression of Sialin, a sialic acid transporter.56 

Therefore, anti-Neu5Gc antibodies boosted response by Neu5Gc-positive tumors is likely to 

occur also in humans. In fact, it had been shown that some anti-Neu5Gc antibodies are 

elevated in carcinoma patients and can be used as cancer biomarkers.34, 54

Characterization of purified intra-tumoral IgG

Anti-Neu5Gc antibodies developed during the cancer vaccine treatment clearly play an 

important role in its therapeutic efficacy (Figure 4). One of the ways antibodies mediate 

tumor growth inhibition and/or killing, is by directly binding to their target antigens 

expressed on the surface of tumor cells.57, 58 While NGpos vaccine-treated mice showed 

tumor anti-Neu5Gc IgG boosting effect on weeks 8-9, noticeably, they also displayed a 

transient depletion of serum anti-Neu5Gc IgG on week 10 (2.5 weeks after tumor 

inoculation), that was not observed in the vaccine-treated group without inoculation of 

tumors (Figure 4c). The drop in average response reflected a similar trend in the response to 

almost all individual Neu5Gc-glycans (Figure 4d). To evaluate the hypothesis that these 

antibodies had migrated to the tumors, tumors were harvested, minced into suspension, then 

intra-tumoral antibodies were purified by protein-A to capture IgG antibodies. Glycan 

microarray analysis of purified intra-tumoral IgGs revealed that all vaccine-treated mice 

(NGpos) had a strong and highly-specific binding reactivity against all Neu5Gc-glycans but 

not Neu5Ac-glycans (Figure 5a-b), supporting migration of serum anti-Neu5Gc IgGs into 

the growing tumor mass. On the other hand, antibodies purified from tumors of control 

vaccination (NGneg; n=10) showed mostly very low reactivity on the arrays (Figure 5a-b). 

Interestingly, few mice in this control group had a very low but specific anti-Neu5Gc IgG 

response, likely mediated by the tumors that present foreign Neu5Gc-neoantigens. Notably, 

although MC-38 tumor cells express more Siaα2−3-linked than Siaα2−6-linked sialic acids,
35 no notable difference was detected in the epitopes recognized by the purified intra-

Reuven et al. Page 6

ACS Nano. Author manuscript; available in PMC 2020 March 26.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



tumoral IgG. Both vaccine and control treated mice showed similar infiltration of immune 

cells (CD45+ and CD45+CD3+; Figure S7). Altogether, these results suggest that anti-

Neu5Gc IgG antibodies reach the tumor mass to mediate inhibition of tumor growth.

Evaluating heterogeneity in vaccine treatment

A key feature of vaccine therapy is the heterogeneity in the developed immune responses of 

different individuals to a given vaccine, in both the magnitude and decay rate of responses, 

as well as of a given individual to different vaccines.59, 60 In cancer vaccine technology, 

tumor heterogeneity adds another level of complexity.61 To evaluate heterogeneity in NGpos 

vaccination treatment, the kinetics of anti-Neu5Gc IgG responses and tumor growth were 

monitored in each mouse individually (Figure S8). This analysis revealed three types of 

responses (Figure S8; Figure 6). Group 1 showed a late onset of response around week 6-7, 

with intermediate magnitude of response, and a low therapeutic effect on tumor. Group 2 

showed a two-phase response initiating around weeks 3-4, followed by a secondary response 

immediately after the third boost vaccination on week 6, that had gradually decayed, with no 

therapeutic effect on tumors. By contrast, Group 3 showed a dramatic tumor inhibiting 

therapeutic effect, with a distinct pattern of antibodies kinetics. In this group, there was a 

two-phase response as in group 2, however in addition there was an almost complete 

depletion of anti-Neu5Gc IgG from the serum on week 10, that was restored a few days later 

by week 10.5 (Figure S8; Figure 6). Furthermore, only in group 3 the IgG titer seemed to be 

higher than the IgM (Figure S8d). This analysis clearly demonstrated that certain immune 

response kinetics, as developed in group 3, are more constructive in supporting the 

therapeutic effects mediated by the cancer vaccine.

Conclusions

While envisioned already in 1891,62 only few cancer vaccines have been approved by the 

US Food and Drug Administration (FDA) thus far.13, 61 The key barriers to their success are 

low antigenicity of targeting antigens, tumor heterogeneity,61 and low mutational burden 

with only few peptide neoantigens in some cancers.63 These limitations prompted the 

continued search for other potential antigens for vaccines.64 Tumor-associated glycosylation 

changes generate carbohydrate-neoantigens that are excellent candidate targets for 

immunotherapy.28, 65 In particular, Neu5Gc, the antigenic non-human dietary carbohydrate 

that accumulates on human carcinoma,66, 67 generates a whole array of cancer neoantigens.
34,35

Red blood cells have been investigated over 40 years as potential antigen delivery systems,
68–70 with some success in human patients,71 and more recently as drug delivery vehicles,72 

including in nano-structured biomedical systems.36–38 Here we designed an active cancer 

vaccine targeting Neu5Gc-TACAs in a mouse model, as a proof of concept. Taking 

advantage of RBCs biocompatibility and expected prolonged circulation time,37, 39, 73 

glyconanoparticles were prepared from engineered porcine erythrocytes membranes. These 

biomimetics were used to actively vaccinate ‘human-like’ Neu5Gc-deficient mice, after 

optimization of adjuvant and immunization schedules. The engineered NGs were designed 

to operate as a cancer vaccine to mount an effective immune response against cancer and 
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therefore were not expected to reach the tumor mass in order to facilitate killing. Taking 

advantage of the glycan microarrays technology for biomedical antibody profiling,
45, 65, 74–76 full analysis of responses against 48 different sialoglycans revealed a highly 

specific, robust and prolonged anti-Neu5Gc IgGs, with distinctive patterns of humoral 

responses in individual mice. Neu5Gc-positive tumors further enhanced the vaccine-

developed humoral anti-Neu5Gc responses, as also expected in humans,34 and the vaccine 

treatment inhibited tumor growth. Interestingly, 37.5% of mice optimally responded to the 

vaccine therapy, and revealed a specific pattern of antibodies response kinetics, that included 

their complete, but transient, depletion from circulation. This important kinetic feature can 

contribute to understanding the heterogeneity of responses to vaccines, and assist in 

prediction of responses.77 While current investigation was focused on the antibodies 

responses, it is likely that the cellular arm of the immune system also participates in the 

successful therapeutic effects,78–80 which would warrant cellular immune profiling in the 

future.

Methods

Materials

Dulbecco’s Modified Eagle’s Medium high Glucose (DMEM), Fetal Bovine Serum (FCS), 

L-Glutamine, Penicillin-streptomycin (pen-strep) Dulbecco’s PBS were all purchased from 

biological industries; Trizma-hydrochloride, Tween-20, Ovalbumin (Grade V), 

Ophenylenediamine (OPD) and periodate were all purchased from Sigma-Aldrich, EDTA 

was purchased from Fisher Scientifics, Hydrogen peroxide 30% was purchased from Merck.

Antibodies and Lectins

Chicken anti-Neu5Gc IgY (Biolegend), biotinylated-SNA, biotinylated-MALII (Vector Lab). 

HRP-donkey-anti-chicken IgY, HRP-Streptavidin, Cy3-goat-anti–mouse IgG, Cy3-donkey-

anti-chicken IgY and Cy3-Strepavidin (Jackson ImmunoResearch) were all from 

commercial sources.

Cell lines and Mice

MC38-GFP cells (murine colon adenocarcinoma cells stably expressing GFP,81 kindly 

provided by Prof. Ajit Varki) were grown in culture (DMEM with high glucose, 10% FCS, 

1% Glutamine, 1% penn-strep). Cmah−/− mice were bred and maintained according to 

Animal Care and Use Committee protocol approved by Tel Aviv University.

Generation of nano-ghost (NG) glyconanoparticles from porcine red blood cells

Nano-ghost glyconanoparticles (NG) were prepared from porcine red blood cells (RBC) of 

two strains: α-Gal Ggta1−/− knocked-out43 and the double-KO Ggta1−/−/Cmah−/− 44 

(Gal/Gc-DKO; Neu5Gc-Negative; NGneg) strains. RBC were packed by 3 rounds of 

centrifugation in PBS pH 7.4 (1000 × g, 10 min), and then stored at −80 °C until further use. 

Packed RBCs (2.5 ml) were lysed by incubation on ice with 25 ml of ice cold lysis buffer 

(50 mM of Tris-HCl, pH 7.35 containing 10 mM of EDTA) for 10 min, then centrifuged for 

30 min at 26,000 × g with no brakes (to avoid pellet detachment). The supernatant was 

removed and the lysis procedure was repeated until NGs pellet became white. NGs pellet 
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was washed with 25 ml of ice-cold double distilled H2O (DDW), then re-suspended in 1 ml 

DDW. Protein content was determined by BCA (Pierce), the volume was adjusted to a final 

concentration of 2 mg/ml, and then 1 ml aliquots were stored at −80 °C until further use. For 

physical characterization, NGs were stored at 4 °C and analyzed within 24 hours of 

preparation.

Cryo transmission electron microscopy (cryo-TEM)

NGs were diluted to 0.1 mg/ml and aliquots of 5 μl each were pipetted onto a plasma-etched 

(25 s) 200 mesh holey carbon grid (PELCO) held in the plunge chamber at approximate 

90% humidity. Sample preparation was carried out using a Cryo-Plunge 3 unit (Gatan 

Instruments) employing a double blot technique. The samples were blotted for 2 s, and then 

plunged into liquid ethane at a temperature of −170 °C. After vitrification, the grids were 

transferred under liquid nitrogen to the cryo-TEM specimen holder (Gatan 626 cryo holder) 

at −170 °C. Imaging was carried out using a Tecnai G2 cryo-TEM (FEI Company, 

Eindhoven, Netherlands) operated at 120 kV with a Gatan 4000 camera, and images were 

captured using a Digital Micrograph software (Gatan). During imaging, the temperature of 

the sample holder was maintained at −170 °C to minimize sublimation of vitreous water.

Dynamic light scattering (DLS) to determine size and zeta potential

Freshly prepared NGs were diluted in PBS pH 7.4 (for size) or water (for zeta potential) to 

20 μg/ml total protein and measured in a Malvern Nano ZS zetasizer. Data calculations were 

performed using the Zetasizer software with the Intensity algorithm. Each experimental 

result is an average of at least three independent measurements. Error bars represented mean 

± SD, with size SD calculated by multiplying the Mean Size with square root of the PDI 

(Poly dispersity index).

Protein analysis of NGs by Silver staining

Freshly prepared NGs were diluted in SDS sample buffer to 40 ng/μl, incubated at room 

temperature (RT) for 30 min, then separated on 12% SDS-PAGE gels. Gels were fixed for 20 

min at RT in 25 ml of fixation solution 1 (10% acetic acid, 40% ethanol, 50% DDW, 

0.0185% Formaldehyde), then washed 3 times with 50% ethanol for 10 min each, sensitized 

for 1 min with 25 ml of 0.02% Na2S2O3 in DDW, washed with water for 20 sec 3 times, 

then incubated for 12 minutes with 25 ml of Silver Nitrate solution (9.4 mM AgNO 

containing 0.02% formaldehyde), and washed 3 times with water for 20 sec each. Gels were 

developed using a Developing Solution (0.0005% Na2S2O3, 0.015% formaldehyde, 5% 

Na2CO3) until bands appeared, then stopped with fixation solution 2 (10% acetic acid, 40% 

ethanol, 50% DDW), and gels were scanned.

Sialic acid content analysis of NGs by Western blotting

Sialic acid content was evaluated by lectin analysis of Western blots. Freshly prepared NGs 

were diluted in SDS sample buffer to 40 ng/μl, incubated at room temperature for 30 min, 

then separated on 12% SDS-PAGE gels, followed by transfer onto nitrocellulose membrane 

(Whatman, GE life technologies). Membranes were blocked with TBST (50 mM Tris pH 

7.6, 0.15 M NaCl, 0.1 Tween-20) supplemented with 2% fish gelatin (Sigma) for 1 hour at 

Reuven et al. Page 9

ACS Nano. Author manuscript; available in PMC 2020 March 26.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



RT with gentle shaking, then washed 3 times with TBST and incubated with primary 

detection for 1 hour at RT (either 1/7000 diluted chicken anti-Neu5Gc IgY or biotinylated 

lectins; Bio-SNA diluted to 0.4 μg/ml and Bio-MALII diluted to 4μg/ml, as described in the 

figures legends). Next, membranes were washed 3 times with TBST and incubated with 

secondary detection (HRP-donkey-anti-chicken IgY 0.16 μg/ml or HRP-Streptavidin 0.1 

μg/ml, respectively) for 1 hour at RT. Membranes were developed using an enhanced 

chemiluminescence kit (ECL; Pierce).

Sialic acid specificity analysis by mild periodate oxidation treatment

Freshly prepared NGs were diluted in SDS sample buffer to 40 ng/μl and incubated at room 

temperature for 30 min. The samples were separated on 12% SDS-PAGE gels, followed by 

transfer onto nitrocellulose membrane (Whatman, GE life technologies). Membranes were 

washed 3 times with ice cold water, once with ice cold PBS pH 6.5 (8.7 mM NaH2PO4, 137 

mM NaCl), then incubated for 30 minutes with 2 mM of periodate diluted in PBS 6.5 at RT 

while protected from light. Then the membranes were washed 6 times with water and further 

analyzed by Western blotting, as described above.

Sialic acid analysis by lectin ELISA

NGs were coated onto 96-well microtiter plates (Costar, Corning) in duplicates at 1 μg 

protein/well in 50 mM sodium carbonate-bicarbonate buffer, pH 9.5 and incubated for 

overnight at 4 °C. Wells were blocked for 1 hour at RT with blocking buffer (PBS pH 7.4 

with 1% ovalbumin), then aspirated and incubated with diluted primary antibody (chicken 

anti-Neu5Gc IgY at 1/1000, biotinylated SNA or MAL-II at 1 μg/ml) at 100 μl/well in the 

same blocking buffer for two hours at RT. Plates were washed three times with PBST (PBS 

pH 7.4, 0.1% Tween-20) and then incubated for 1 hour at RT with HRP-conjugated 

secondary antibody (HRP-donkey-anti-chicken IgY 0.26 μg/ml or HRP-streptavidin 0.1 

μg/ml, respectively) in PBS. After washing three times with PBST, wells were developed 

with 140 μl of O-phenylenediamine in 100 mM of citrate-PO4 buffer, pH 5.5, and the 

reaction was stopped with 40 μl of H2SO4 (4 M). Absorbance was measured at 490 nm on 

SpectraMax M3 (Molecular Devices). Specific binding was defined by subtracting the 

background readings obtained with the secondary antibody only on coated wells.

Sialoglycan microarray fabrication

Arrays were printed as described.45 Briefly, arrays were fabricated with NanoPrint LM-60 

Microarray Printer (Arrayit, CA) on epoxide-derivatized slides (Corning) with 16 sub-array 

blocks on each slide. Glycans were distributed into one 384-well source plates with 4 

replicate wells per sample and 8 μl per well (Version 1.0). Each glycan was prepared at 100 

μM in an optimized print buffer (300 mM phosphate buffer, pH 8.4). To monitor printing 

quality, replicate wells of mouse IgG (Jackson ImmunoResearch, at 200, 100, 50, 25, 12.5, 

6.25 ng/μl in PBS+10% glycerol) and AlexaFlour-555-Hydraside (Invitrogen, at 1 ng/μl in 

178 mM phosphate buffer, pH 5.5) were used for each printing run. The arrays were printed 

with four SMP3 pins (5 μm tip, 0.25 μl sample channel, ~100 μm spot diameter; Arrayit, 

CA). Each block (sub-array) had 17 spots/row, 20 columns with spot-to-spot spacing of 225 

μm. The humidity level in the arraying chamber was maintained at about 66% during 

printing. Printed slides were left on arrayer deck overnight, allowing humidity to drop to 
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ambient levels (40-45%). Next, slides were packed, vacuum-sealed and stored at RT in a 

desiccant chamber until further use. Slides were printed in one batch of 56 slides.

NGs stability analysis using microarray

Arrays were printed using NanoPrint LM-60 Microarray Printer (Arrayit, CA) on 

epoxidederivatized slides (Corning) with 16 sub-array blocks on each slide. Glycans and 

freshly prepared NGs diluted to 40 ng/μl in 187 mM Phosphate Buffer pH 8.4 were 

distributed into one 384-well source plates with 4 replicate wells per sample and 8 μl per 

well. In addition, in order to investigate the stability of NGs, samples (40 μl from each NG 

preparation) were frozen for 5 minutes in −80 °C, quickly thawed and diluted to 40 ng/μl. 

This cycle was repeated twice and the diluted samples were printed as well. Synthetic 

glycans were also printed and diluted to 100 μM in 300 mM phosphate buffer, pH 8.4. To 

monitor printing quality, AlexaFlour-555-Hydraside (Invitrogen, at 1 ng/μl in 178 mM 

phosphate buffer, pH 5.5) was used for each printing run. The arrays were printed using 4 

SMP3 pin (5 μm tip, 0.25 μl sample channel, ~100μm spot diameter; Arrayit, CA). Each 

block (sub-array) had 16 rows and 10 columns with spot-to-spot spacing of 225 μm. The 

humidity level in the arraying chamber was maintained at about 70% during printing. 

Printed slides were left on arrayer deck over-night, allowing humidity to drop to ambient 

levels (40-45%). Next, slides were packed, vacuum-sealed and stored at RT in a desiccant 

chamber until further use. Slides were developed using antibodies and lectins as described 

below and in relevant figure legend.

Evaluating anti-NG response in immunized mice using microarray

Arrays were printed using NanoPrint LM-60 Microarray Printer (Arrayit, CA) on 

epoxidederivatized slides (Corning) with 16 sub-array blocks on each slide. NGs as well as 

synthetic glycans were distributed into one 384-well source plates with 4 replicate wells per 

sample and 8 μl per well. Each NGs samples were diluted in PBS pH 7.4 to 100 ng/μl and 

synthetic glycans at 100 μM in 300 mM phosphate buffer, pH 8.4. To monitor printing 

quality, mouse IgG (Jackson ImmunoResearch) at 40 ng/μl in PBS+10% glycerol and 

AlexaFlour-555-Hydraside (Invitrogen, at 1 ng/μl in 178 mM phosphate buffer, pH 5.5) were 

used for each printing run. The arrays were printed using one SMP3 pin (5 μm tip, 0.25 μl 

sample channel, ~100μm spot diameter; Arrayit, CA). Each block (sub-array) had 14 rows 

and 6 columns with spot-to-spot spacing of 225 μm. The humidity level in the arraying 

chamber was maintained at about 70% during printing. Printed slides were left on arrayer 

deck over-night, allowing humidity to drop to ambient levels (40-45%). Next, slides were 

packed, vacuumsealed and stored at RT in a desiccant chamber until further use. Slides were 

developed using antibodies and lectins as described below and in relevant figure legend.

Glycan microarray binding assay

Slides were developed and analyzed as previously described.45 Slides were rehydrated with 

dH2O and incubated for 30 min in a staining dish with 50 °C pre-warmed 0.05 M 

ethanolamine in 0.1 M of Tris-HCl, pH 9.0 to block the remaining reactive epoxy groups on 

the slide surface, then washed with 50 °C pre-warmed dH2O. Slides were centrifuged at 200 

× g for 3 min, then fitted with ProPlate™ Multi-Array 16-well slide module (Invitrogen) to 

divide into the 16 sub-arrays (blocks). Slides were washed with PBST (PBS pH 7.4, 0.1% 

Reuven et al. Page 11

ACS Nano. Author manuscript; available in PMC 2020 March 26.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Tween-20), aspirated and blocked with 200 μl/sub-array of blocking buffer (PBS/OVA; PBS 

pH 7.4, 1% ovalbumin) for 1 hour at RT with gentle shaking. Next, the blocking solution 

was aspirated and 100 μl/ block of primary detection (1/100 mice sera, or 1/7000 chicken 

anti-Neu5Gc IgY, or Bio-SNA 20 ng/μl) diluted in PBS/OVA was added, then slides were 

incubated at RT with gentle shaking for 2 hours. Slides were washed three times with PBST 

then with PBS for 5 min/wash with shaking. Bound antibodies were detected by incubating 

with secondary detection (Cy3-goat-anti-mouse IgG 1.5 μg/ml, or Cy3-donkey-anti-chicken 

IgY 1.5 μg/ml, or Cy3-Streptavidin 1.2 μg/ml) diluted in PBS was added at 200 μl/block, 

then incubated at RT for 1 hour. Slides were washed three times with PBST, then with PBS 

for 5 min/wash followed by removal from ProPlate™ Multi-Array slide module which were 

immediately dipped in a staining dish with dH2O and were incubated for 10 min with 

shaking followed by centrifugation at 200 × g for 5 min. Dry slides were vacuum-sealed and 

stored in dark until scanning.

Array slide processing

Processed slides were scanned and analyzed as described at 10 μm resolution with a 

Genepix 4000B microarray scanner (Molecular Devices) using 350 gain.45 Images were 

analyzed by Genepix Pro 6.0 software (Molecular Devices). Spots were defined as circular 

features with a variable radius and local background subtraction was performed. Data were 

analyzed by Excel.

Optimizing cancer vaccine mouse immunization protocol.

All animal experiments were conducted according to the guidelines of the Tel-Aviv 

University Institutional Animal Care and Use Committee. 6-10 weeks old Cmah−/− mice 

were i.p. immunized with either NGpos or NGneg. NGs at 2 mg/ml protein concentration 

were mixed 1:1 (by volume) with Freud’s complete adjuvant (FCA) or Freud’s incomplete 

adjuvant (FIA) until emulsified, then 200 μl were injected intraperitoneally (i.p.; 200 μg NG/

mouse). In the first immunization protocol (B2W; n=10), FCA i.p. immunization at week 0 

was followed by two or three boost immunizations with FIA at two-week intervals (weeks 2, 

4, 6; Figure 3A). In the second immunization protocol (B1W; n=10), FCA i.p. immunization 

at week 0 was followed by two boost immunizations with FIA at one-week intervals (weeks 

1, 2), followed by another boost at week 6 (Figure 3A). To evaluate the developed anti-

Neu5Gc antibodies response and kinetics, mice were bled (facial vein) on a weekly basis, 

collecting tubes were incubated overnight at 4 °C, then centrifuged at 17,000 × g for 2 min 

and the serum was collected. Samples were stored at −80 °C until analyzed by glycan 

microarray assays.

To evaluate the significance of Freund’s adjuvant for the development of IgG antibodies, 

mice were immunized according to B2W protocol with 200 μg of either NGpos or NGneg in 

FCA/FIA (n=7 per group) or NGpos in PBS only (n=7). Serum was collected as described 

above, before the first injection and 2 weeks after the second boost (at week 6).

Evaluating cancer vaccine efficacy in vivo

MC38-GFP cells (murine colon adenocarcinoma cells stably expressing GFP)81 were grown 

in culture (DMEM with high glucose, 10% FCS, 1% Glutamine, 1% penn-strep) to 80% 
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confluence, lifted with PBS/EDTA (10 mM EDTA in PBS without Ca+2/Mg+2) then 

centrifuged at 1500 × g for 5 min at 4 °C and resuspended in DPBS. On week 7.5 after 

cancer vaccine (NGpos) or control immunization (NGneg), with either B2W or B1W 

protocols, Cmah−/− mice were subcutaneously injected at the flank with 0.5 × 106 MC38-

GFP cells/mouse in 150 μl DPBS. Tumors were palpable 5 days later, and were measured 

every other day using a digital caliper, then tumor volumes calculated [(height × length × 

width)/2]. To evaluate the effect of low levels anti-Neu5Gc antibodies on tumor progression, 

Cmah−/− mice were immunized with 200 μg of either cancer vaccine (NGpos) or control 

immunization (NGneg) using the B2W protocol with only 2 FIA boost immunizations 

(weeks 2 and 4), and one week later (week 5) mice were inoculated with 0.5 × 106 MC38-

GFP cells/mouse, then monitored as described above.

Preparation of intra-tumoral IgG

Tumors from cancer vaccine or control treated mice were harvested on day 21, sliced to 

small pieces (~2 mm) and incubated in DMEM with collagenase type II (1 mg/ml) and 

DNAse-I (0.5mg/ml) at 37 °C for 30 minutes (total volume of 3.5 ml / sample). The 

suspension was centrifuged for 10 minutes at 400 × g and the supernatant were collected, 

then again centrifuged at 400 × g for 5 min. Resulting supernatants were transferred to 15 ml 

tubes, and 50 μl of pre-washed protein A Sepharose 4 Fast Flow beads (GE Healthcare) were 

added to each tube. Samples were incubated at 4 °C for 48 hours while mixing, then loaded 

on a polyprep column (BioRad), washed 3 times with PBS, and eluted with 0.5 ml 0.1 M 

Glycine, pH 2.5 into tubes containing 120 μl of Tris-HCl buffer (1 M, pH 9.0). Purified IgG 

antibodies were stored at 4 °C until analyzed by glycan microarray assays.

Statistical analysis

One-way or Two-way analysis of variance (ANOVA) test for multiple comparison, or t-test, 

were performed using Graphpad Prism software (version 6). The results were expressed as 

mean ± STD or SEM (as indicated in the figure legends).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Physiochemical characterization of porcine-derived nano-ghosts (NGs). (a) Schematic 

representation of red blood cells (RBCs) and NGs prepared from RBCs of two porcine 

strains that express various Sia-containing glycoproteins with either terminal Neu5Gc 

(αGal-deficient strain; NGpos) or terminal Neu5Ac (Neu5Gc- and αGal-deficient strain; 

NGneg). (b) Transmission electron micrograph (TEM) analysis of NGpos and NGneg. Freshly 

prepared NGs were applied onto a plasma etched carbon grid in CryoPlungeTM 3 unit 

(Gatan Instruments) employing a double blot technique for 2 s, then plunged into liquid 

ethane and transferred under liquid nitrogen to cryo-TEM (FEI; Tecnai G2). Images were 

captured using a DigitalMicrograph software (Gatan) (representative of two independent 

experiments). (c) Zeta potential of freshly prepared NGs was measured. (d-e) Size of freshly 

prepared NGs was measured. NGs were diluted to 20 μg protein/ml (in ddH2O for Zeta 

potential, or PBS pH 7.4 for size) and measured in a Malvern Nano ZS Zetasizer (Each 

experimental result is an average of at least three independent measurements).
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Figure 2. 
Biochemical characterization of NGpos and NGneg. NGs were diluted in sample buffer to 40 

μg protein/ml, loaded 10 μl/lane, then separated on 12% SDS-PAGE gel. (a) Silver staining 

of freshly prepared NGs revealed similar protein content in both NGpos and NGneg. (b) Sialic 

acid content of NGs was analyzed by Western blot with the biotinylated lectins Bio-SNA 

(binds Siaα2–6-linked) and Bio-MAL-II (binds Siaα2–3-linked), detected by HRP-

streptavidin; and chicken anti-Neu5Gc IgY detected by HRP-donkey-anti-chicken IgY. 

Specificity was analyzed by pre-treatment of the blot with mild periodate oxidation (bottom 

panel; + Periodate) that truncates Sia side chain (carbons C-8 and C-9), leading to loss of 

Sia-specific binding compared to mock treatment (top panel; − Periodate) (representative of 

two independent experiments). (c) NGs stability after freeze-thaw was assessed by Sia 
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surface expression analyzed by microarray. (d) NGs stability was also measured by ELISA. 

Fresh and freeze-thawed NGs were printed with NanoPrint arrayer at 40 μg protein/ml on 

epoxide-coated glass slide (10 replicates per sample), or coated at 1 μg protein/well to 96-

well plate in triplicates for ELISA. Samples were then analyzed as indicated with Bio-SNA, 

Bio-MAL-II and anti-Neu5Gc IgY, respectively detected by streptavidin and donkey-anti-

chicken IgY [HRP-conjugated (c) or Cy3-conjugated (d)], demonstrating right-side-out 

orientation and stability after one freeze-thaw cycle (representative of at least two 

independent experiments; mean ± SD).
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Figure 3. 
Optimization of vaccination regimen. (a) Schematic representation of the immunization 

regimen. Cmah–/– mice were immunized intraperitoneally (i.p.) with 200 μl of 1 μg/μl NGneg 

or NGpos (n=7 per group) emulsified in Freud’s Complete Adjuvant (FCA; thick black 

arrow), then boosted three times with NGs in Freud’s Incomplete Adjuvant (FIA; thin black 

arrows) at initial one or two weeks intervals, as indicated (B1W, B2W, respectively). Mouse 

serum was sampled on day 0 then weekly (red arrows). Sera samples were then analyzed by 

sialoglycan microarrays containing diverse sialoglycans, detected with Cy3-labeled anti-

mouse IgG. (b) The average IgG response of the 7 mice in each group is presented as 

average response against mono-sialylated Neu5Gc-glycans (n=24; red) and Neu5Ac-glycans 

(n=24; blue). (c) Array response against the 24 individual Neu5Gc-glycans (colored lines; 

full list of glycans in supplementary Table 1).
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Figure 4. 
Cancer vaccine inhibit tumor growth in vivo. (a) Schematic representation of experimental 

design. Cmah–/– mice were immunized intraperitoneally (i.p.) with NGneg or NGpos (n=10 

per group) in the optimized B1W regimen. Mouse serum was sampled on day 0 then weekly 

(red arrows). On week 7.5, 0.5 × 106 MC38-GFP cells were inoculated subcutaneously 

(green arrow). (b) Tumor volumes were monitored every other day showing inhibition of 

tumor growth in the NGpos vaccine-treated group (mean ±SEM; One-Way ANOVA with 

Bonferroni posttests, ** p<0.01, *** p<0.001; in NGpos group, two mice became necrotic on 

week 10 and were excluded from analysis). (c) Sera samples were then analyzed by 

sialoglycan microarrays containing diverse sialoglycans, detected with Cy3- labeled anti-

mouse IgG. Each line represents the average response of 10 mice per group against all 

Neu5Gc-glycans. (d) Array response agaisns the 24 individual Neu5Gc-glycans (colored 

lines).
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Figure 5. 
Intra-tumoral IgG recognize Neu5Gc-glycans. (a) Tumors were harvested from vaccine or 

control immunized mice (NGpos or NGneg, respectively), minced and then IgG antibodies 

were purified with Protein-A. 20 ng/μl of intra-tumoral purified IgG antibodies were 

analyzed on sialoglycan microarrays, then detected by Cy3-anti-mouse IgG. Results are 

presented as heat map of IgG reactivity in relative fluorescent units (RFU), per glycan per 

mouse, against the collection of Neu5Gc-glycans or Neu5Ac-glycans (Blue-white-red scale 

represent 0-50-100 percentiles). (b) Average IgG response of individual mice against 

Neu5Gc-glycan or Neu5Ac-glycans on microarray (Two-Way ANOVA with Bonferroni 

posttests, ** p<0.01).
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Figure 6. 
Kinetics of anti-Neu5Gc IgG response and tumor growth in vaccine treated mice. Glycan 

microarray analysis and tumor growth kinetics in mice of the vaccine treated group that was 

inoculated with tumors (NGpos w/Tumor; B1W; Figure 4). These mice were divided into 

three group types, according to their antibodies and tumor volume kinetic of response. (a) 

Average IgG response against all Neu5Gc-glycans and all Neu5Ac-glycans, per group. (b) 

Average IgG response against individual Neu5Gc-glycans, per group. (c) Average of tumor 

growth kinetics, per group.
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