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Heat, oxidation and exposure to aldehydes create reactive carbonyl groups on proteins, targeting antigens to scavenger receptors. Formaldehyde is widely used in making vaccines, but has been associated with atypical enhanced disease during subsequent infection with paramyxoviruses. We show that carbonyl groups on formaldehyde-treated vaccine antigens boost Th2 responses and enhance RSV disease in mice, an effect partially reversible by chemical reduction of carbonyl groups. 

Formaldehyde (FA) is widely used in the manufacture of many safe commercial vaccines 1, but FA-inactivated RSV and measles vaccines caused disastrous worsening of disease during subsequent natural infection 2. This phenomenon is reproducible in many animal models, and is characterized by poorly neutralizing antibody 3, enhanced IL-4, IL-5 and IL-13 responses and tissue eosinophillia 2, 4. It is notable that while antibody may lead to immune complex deposition and contribute to augmented disease 5, passive immunoglobulin administration prevents lower respiratory tract disease in infants without disease enhancement 6. 


Aldehydes are found in polluted air and cigarette smoke, and are used in the manufacture of textiles, paper and resins; occupational hypersensitivity is common 7. They are generated in vivo during oxidative stress in atheromatous plaques 8, in diabetes 8, alcoholic liver disease 9, 10, renal failure and in old age during which oxidized proteins, lipids and sugars accumulate 8. They have potent antimicrobial and anti-toxic effects, generating reactive carbonyl groups through intermediate structures on specific amino side chains that form Schiff base adducts 11, 12 which react with amino groups of other proteins. The presence of carbonyl groups on macromolecules is detected by scavenger receptors on phagocytic cells 13, causing uptake and degradation of antigens and enhanced immune priming 10, 14. 


Although glycoaldehyde (GA) is known to generate carbonyl groups 11, 15, similar effects of FA have not been described. Using a colorimetric DNP assay to detect carbonyls, we found FA treatment of OVA increased carbonyl content from 131 +/- 80 (M/M to 1440 +/- 330 (M/M; reduction with NaBH3CN reduced carbonyl content to 210 +/- 100 (M/M (p=0.02). We propose that this reaction occurs via a Schiff base intermediate (Fig. 1a online). GA-OVA contained multimers that remained despite reductive treatment, whereas FA induced minimal evidence of multimerization under similar conditions (Fig. 1d. online), suggesting that generation of carbonyl groups rather than protein crosslinking is responsible for the observed effects.  

Injecting OVA s.c. into BALB/c mice elicited no antibody response unless given with Freund’s complete adjuvant (FCA), when strong IgG1 and IgG2a responses were seen. FA-OVA induced a weak but significant IgG1 response without FCA, but none if OVA underwent reductive treatment with NaBH3CN (Fig. 1a-b); similar effects were seen with GA-OVA (Fig 1e online). Vaccination of BALB/c mice with FCA-OVA induced IFN- production by spleen cells, absent following FA-OVA vaccination (Fig. 1c). By contrast, FA-OVA vaccination induced marked IL-5 production, prevented by NaBH3CN reduction (Fig. 1d). 


Following the procedure used to make ‘lot 100’ vaccine for human trials, we found that FA-inactivated RSV (FA-RSV) contained abundant carbonyl groups that could be largely eliminated by reduction with NaBH3CN (Fig. 1b online). C57BL/6 mice were relatively resistant to infection, but BALB/c and C3H mice infected intranasally with human RSV A2, after immunization with FA-RSV, showed >100 fold reduction in viral load (Fig. 2 online), but with increased disease and weight loss (Fig. 1e and 2a), lung eosinophillia (Fig. 1f and 2b) and IL-5 production by ELISPOT (Fig. 1h and data not shown) and ELISA on BAL (Fig. 2c and data not shown). All of these effects were at least partially reversible by prior chemical reduction, except for the effect on viral load (Fig. 2 online). Comparisons of GA- and FA-RSV showed broadly similar effects of chemical reduction in both strains of mouse (Fig.2). FA-RSV vaccinated mice showed strong virus-specific IgG1 responses, switched to IgG2a by reduction (Fig. 1c online). Normal mouse serum showed no RSV neutralization, and sera from mice twice infected with RSV i.n. showed 50% neutralization at 1:640. HI-RSV immunization gave 50% neutralization at 1:121, while FA-RSV or FA-RSV-Re sera did not neutralize at 1:20 (data not shown).


Therefore, the presence of reactive carbonyl groups favors a Th2 response, consistent with reports of boosted IgG114 and attenuated IgG2a responses 10 to aldehyde-treated proteins. We suggest that this results from phagocytosis of aldehyde-treated proteins and lipoproteins by macrophages via scavenger receptors 13. Reasons to think that this is a specific effect of carbonyl recognition include that: a) carbonyl groups generated on glycoproteins by other means (e.g. oxidation) also enhance immunogenicity 14; b) carbonyl groups alter responses to the treated antigen, but not to co-administered unmodified antigen 14; c) reductive elimination of carbonyl groups on proteins reduces uptake of the modified protein by macrophage scavenger receptors 13; and d) monomeric carbonyl-protein adducts are as immunogenic as the cross-linked species 14.


Our studies highlight the importance of carbonyl groups in FA-treated vaccines, and suggest that this may in part explain the adverse effects of FA vaccines in measles and RSV infections. Many current vaccines are inactivated or detoxified with formalin, and carbonyl groups may enhance immunogenicity and efficacy without necessarily causing adverse effects. Other factors must clearly be important, such as the chemical and structural nature of the antigen to which carbonyls are added and the protective and deleterious immune mechanisms in a given infection. However, the avoidance of formalin in manufacture, the use of alternative inactivating agents that do not induce carbonyl groups (e.g. beta-propiolactone; data not shown) or the use of reducing agents to eliminate carbonyls may have marked effects on the immune profile induced by vaccines. Although our findings highlight adverse effects, formalin-inactivated vaccines have been given to millions of people world-wide with excellent protective results. From our data, it is clear that the induction of carbonyl groups on vaccine antigens by formalin treatment may profoundly affect immunogenicity, changing the balance between protective and deleterious immune responses. 
Figure Legends

Figure 1. In vivo responses to formaldehyde treated vaccine antigens. Mice immunized subcutaneously with unmodified OVA, Freund’s adjuvanted (FCA)-OVA, FA-OVA or FA-treated NaBH3CN-reduced OVA (FA-OVA-Re). Sera were tested for OVA-specific IgG1 (a), IgG2a (b) and splenocytes were used to quantify IFN- (c) and IL-5 (d) producing cells by stimulated ELISPOT.  Mice (4 per group) were vaccinated with h
eat-inactivated RSV (HI-RSV, (), FA-RSV ((), FA-RSV-Re ((), FA-treated mock material (FA-Mock, () or reduced FA-treated mock material (FA-Mock-Re, (). Weight curves after RSV infection (mean ± s.e.m.). (e). Lung eosinophilia (percentage of BAL cells) in mice immunized with indicated preparations. (f)  IFN- and IL-5 producing lung cells detected by ELISPOT on mice as above (g and h respectively). Horizontal bars show mean values. * P<0.05. **P<0.005; *** P<0.0005
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Figure 2. Effect of aldehyde treatment on vaccine-enhanced disease and immunogenicity. Groups of 5 or 6 mice were vaccinated with two doses of FA- or GA-RSV (() or FA- or GA-RSV-Re ((), or left unvaccinated prior to intranasal infection with RSV. Weight curves are shown (a and d), lung eosinophillia from BAL cytospins (b and e) and cytokines by ELISA on supernatants of lung homogenates (c and f). 

* P<0.05; **P<0.005; *** P<0.0005. 
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Online Supplementary figure 1:
a: Addition of reactive carbonyls to protein by formaldehyde. 
FA reacts with the amino group of the protein (P) to form a Schiff base that undergoes Amadori rearrangement to produce a reactive carbonyl that can be detected in the DNPH assay. NaBH3CN or NaBH4 treatment reduces carbonyl groups to non-reactive hydroxyl groups.

b: Carbonyl content of RSV vaccines measured by DNP- ELISA. The data represents carbonyl content, showing pooled results from two independent experiments with different batches of RSV or mock infected cells similarly prepared and treated by warming for 3 days at 370C (‘heat’ inactivation: HI), warming with formalin (FA) with or without subsequent reduction (Re). Each experiment was performed in triplicate; data ± s.d..
c: Serum levels of anti-RSV IgG1 and IgG2a measured by ELISA. The serum antibody dilution required to reach an OD of 0.6 was found for each sample. Each point represents an individual mouse.
d: Crosslinking of antigen by glycoaldehyde treatment.  SDS-PAGE of OVA treated with GA (lane 2) shows multimirzation, not reversible by reduction with NaBH4 (lane 3).  Minimal multimerization is seen after FA treatment under the same conditions (lane 4), with no effect of reduction (lane 5).
e: Antibody response to ovalbumin treated with glycoaldehyde. Ovalbumin-specific ELISA demonstrates weak immunogenicity of OVA treated with GA without adjuvant 2 weeks after priming, but no immune response to reduced GA-OVA. 
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Online supplementary figure 2:

Viral load in challenged mice. Copy number of RSV F-gene was determined by RT-PCR on 2 μg RNA from frozen lung tissue from mice that were either non-immunized (() or immunised with FA-RSV (() or FA-RSV-Re ((). Results from individual mice; means and SEMs are shown.
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Methods
Antigen modification. All chemicals were purchased from Sigma-Aldrich (St Louise, USA) unless otherwise stated. OVA (10 μM) was incubated with 20 mM FA in PBS for 3 h at 37oC. Excess aldehyde was removed by filtering the solution through Microcon® 10 (Millipore, Bedford, MA, USA) 3 times. Reactive carbonyl groups were reduced either by addition of 0.1mM NaBH3CN at the time of aldehyde modification, or subsequently by incubation with 0.1mM NaBH4, and desalted using Microcon® 10 filters. The protein concentration in samples post treatment was measured using a BCA Protein assay (Pierce, Rockford, IL, USA). 
Reactive carbonyl measurements. Two methods were compared: a colorimetric assay and an ELISA. For the colorimetric assay, 200µg protein was incubated with 500 μl of 10 mM DNP-hydrazide (DNPH) in 2M HCl in 500 μl for 1 h at room temperature with vortexing every 10-15 min. The sample was centrifuged in a microcentrifuge at 11,000 g for 3 minutes and the supernatant discarded. The pellet was washed 3 times with 1ml ethanol-ethyl acetate (1:1 V/V), each time allowing the sample to stand 10 min before centrifugation. Precipitated protein was dissolved in 1 ml guanidine solution for 15-30 min at 37oC. Insoluble material was removed by centrifugation at 11,000 g for 3 minutes, and the optical density of the supernatant was measured at 375 nm and the reactive carbonyl content calculated using molar absorption co-efficient of 22,000 M-1cm-1. Following the method of Buss et al Free Radic. Biol. Med. 23, 361-366 (1997), 5-10 μg protein in was incubated with 40 μl of 10 mM DNPH in 2M HCl for 45 minutes at room temperature with agitation. 150 μl of NaHCO3 pH 8.5 coating buffer was added to the solution, 100 μl of which was used to coat the ELISA plate (Greiner bio-one, Frikenhausen, Germany) overnight at 4oC. Plates were washed with PBS and blocked with 1% BSA/PBS. The DNPH-tagged protein was detected by using biotinylated anti-DNP antibody (Molecular Probes Inc, Eugene, USA) and HRP-conjugated Streptavidin (Amersham International, Buckinghamshire, UK). After washing plates were developed using TMB substrate (Pierce, Rockford, IL, USA) or OPD (Sigma) and acid stop. Plates were read on ELISA reader at 450 or 490 nm accordingly. 

Vaccines.  Formalin-inactivated RSV vaccine (FA-RSV) was prepared according to Kim,H.W. et al. Am. J. Epidemiol. 89, 422-434 (1969). In brief, RSV was grown on HEp-2 cells, flasks were frozen and thawed, cells harvested and pooled.  After gentle sonication for 10 min, samples were centrifuged 10 min at 1000rpm and the supernatant collected.  Formalin was added (final formaldehyde concentration 1:4000) for 72 h (37oC) and samples ultracentrifuged for 1h at 50000g (Beckman L8-M ultracentrifuge with SW28 rotor) at 4 oC.  The pellet was diluted in 1/25th of the original volume in PBS and further 4-fold concentration was achieved by 30min precipitation with alum (4mg/ml, Imject Alum, Pierce) and centrifugation (30min, 1000g).  Mock infected cells were treated in identical way to obtain Mock vaccine. Heat-inactivated RSV vaccine (HI-RSV) was prepared from RSV-infected cultures without formalin addition.  Reduced (FA-RSV-Re) vaccine was obtained by adding sodium cyanoborohydrate (NaBH3CN) at 40mM for 2h at 37oC to cultures treated with formalin prior to ultracentrifugation. GA modified RSV vaccine and reduced GA-RSV were made using similar methods, but using GA in place of FA.

Immunization and infection of mice. 6-8 week old female BALB/c mice (Harlan, UK) were maintained in pathogen free conditions. All studies were performed in accordance with national and local regulations and authorized by institutional ethical review. Mice were immunized subcutaneously (sc) in the flank using 25 (g of unmodified or modified protein in 100 (l PBS. Mice were boosted at weeks 3 or 4 post-prime. Mice were tail-bled prior to immunization and at intervals after priming and boosting, and were sacrificed 2 weeks after the booster, and spleens were harvested. Additionally, BALB/c, C3H or C57BL/6 mice were immunized i.m. with 50μl of FA-RSV, FA-RSV-Re, GA-RSV, GA-RSV-Re, Heat inactivated (HI)-RSV, Mock vaccine or PBS.  Three weeks after the second immunization mice were challenged intranasally with live RSV (5x106 PFU in 50μl). Animals were monitored daily for weight loss and scored for the signs of disease.  Four days after the challenge with RSV, mice were sacrificed and bronchoalveolar lavage (BAL) fluid, lung tissue and serum were harvested. 100μl of each BAL sample was cytocentrifuged onto glass slides and stained with haematoxylin and eosin for eosinophil counts.  

Antibody ELISA. For OVA specific antibodies, plates were coated with 5 µg/ml OVA in 100 μl of NaHCO3 pH 8.5 buffer and blocked with 200 µl of 1% BSA in PBS. IgG1 or IgG2a isotypes were detected using the appropriate anti-mouse antibody conjugated to HRP (anti-IgG1 was from Southern Biotechnology, Birmingham, USA, and anti-IgG2a from Serotec, Oxford, UK). Plates were washed, bound antibody detected with TMB substrate (Pierce, Rockford, IL, USA) and OD values were read at 450nm. For RSV-specific antibodies, plates were coated overnight with 2(g/ml sucrose-gradient purified RSV antigen in carbon-bicarbonate buffer, blocked with 3% BSA for 2h at room temperature and dilutions of serum added. Biotinylated anti-mouse IgG1 or IgG2a (Serotec) was added, followed by HRP-conjugated Streptavidin (Sigma) and as a substrate o-phenylenediamine (OPD, Sigma Fast).  ODs were read at 490nm.  Sera from non-immunized mice were always used as controls.  

ELISPOT assay.  Cellulose-bottomed 96 well plates (MAHA-Millipore, Bedford MA, USA) were coated overnight with capture antibodies for IFN-γ or IL-5 (Pharmingen) in bicarbonate buffer (pH 9.5). Lung cells or splenocytes were added (5x104 per well) in duplicate and incubated at 37oC, 5% CO2 for 24 h.  Biotinylated anti-IFN-γ, or anti-IL-5 (Pharmingen) was added for 2h, followed by alkaline phosphatase-conjugated Extravidin (Sigma) and BCIP/NBT substrate (Sigma) until blue spots appeared. Spots were counted using automated spot counter (AID EliSpot Reader System). Results are presented as number of spots per one million of viable cells. 

Cytokine ELISA. IL-5 and IFN( were assessed in supernatants of homogenized lung cells by ELISA performed according to the manufacturer’s instructions (Becton Dickinson-Pharmingen). Briefly, ELISA plates (Nunc) were coated with a capture antibody and left overnight at 4°C. The wells were then washed with PBS–0.05% Tween 20 and blocked with PBS–10% FCS for 1 h at room temperature. Samples or standard were added at 100(l per well and left overnight at 4oC. Bound cytokine was detected with a biotinylated anti-cytokine antibody, Avidin-horseradish peroxidase, and Sigma Fast OPD tablets. Color development was stopped with 2 N H2SO4, and optical densities were read at 490 nm. The concentration of cytokine in each sample was determined from a standard curve. 

 Quantification of Viral RNA. RNA was extracted from the lung using QIAamp Viral RNA kit (Qiagen) and cDNA was generated with random hexamers using an Omniscript RT-kit (Qiagen). PCR specific for RSV F gene was performed at 50oC for 2 min and 95oC for 10 min followed by 45 two-step cycles (95oC for 15s, 60oC for 1min) with Quantitech Probe PCR kit (Qiagen) and 900 nM forward primer (5-TGCAGTCACATTTTGTTTTGCTT-3 ), 900 nM reverse primer (5 -GCACTGCATGTTGATTGATAAAATT-3) and 100 nM probe (5' - [6~FAM]TGGTCAAAACATCACTGAA[TAMRA~6~FAM] - 3'). Copy number of the F gene was determined from standard curves against pCR2.1-Topo plasmid vector containing a fragment of the RSV F-gene. PCR amplifications were measured in real time using the ABI 7000 (Applied Biosystems) and analyzed using Sequence Detections Systems (v1.1).

Anti-RSV neutralization assay. Sera were collected from animals 4 days after RSV challenge and heat inactivated at 56( for 30 mins. Doubling dilutions of this sera  (starting at 1:20) in triplicate were added to 200 pfu of RSV for 30 minutes at 4(C prior to infecting HEp-2 cell monolayers in 96-well flat-bottom plate. Twenty-four hours later, monolayers were washed and incubated with peroxidase-conjugated goat anti-RSV antibody (Biogenesis, Poole, GB). Infected cells were detected using Sigma Fast DAB tablets, infectious units being enumerated by light microscopy. 50 % neutralization was calculated from the dilution that gave half the number of plaques seen following incubation with normal mouse serum; sera from mice infected with RSV twice were used as a positive control. Statistical analysis. Results are expressed as mean( s.d. or s.e.m. Statistical significance was calculated by ANOVA followed by Student’s t test for P value as described in the legends. 
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