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Abstract

Streptococcus pneumoniae (pneumococcus) is responsible for serious pediatric respiratory 

infections, and kills close to one million children under the age of five each year. Unfortunately, 

the Prevnar-13 vaccine (PCV-13) that is used to protect children from the serious consequences of 

pneumococcus infections is not always successful. Given that vitamin A deficiency (VAD) is 

known to affect children in both developed and developing countries, we asked if VAD could be 

responsible, at least in part, for PCV-13 vaccine failures. In a mouse model for VAD, we found 

that PCV-13 failed to elicit binding and neutralizing antibody activities. Unlike vaccinated, 

vitamin-replete animals, vaccinated VAD animals were not protected from lethal pneumococcus 

infections. Results suggest that children with VAD may be susceptible to serious pneumococcal 

infections even after having received the PCV-13 vaccine.
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Introduction

Streptococcus pneumoniae (pneumococcus) is frequently found in the human respiratory 

tract and can cause a wide range of diseases, from mild otitis media to fatal pneumonia or 

meningitis. It is estimated that worldwide pneumococcus kills close to one million children 

under the age of five each year [1, 2].

Prevnar-13 (PCV-13) is typically administered to young children as part of the routine 

immunization schedule to induce antibody responses toward pneumococcal capsules and 
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protect against invasive disease [3–5]. PCV-13 is also used in adults to a lesser extent. The 

vaccine is multi-valent, representing 13 different serotypes of the pneumococcus pathogen, 

including serotypes 1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 19A, 19F, and 23F. Each component 

consists of the serotype-specific polysaccharide capsular antigen individually linked to a 

diphtheria CRM197 protein, a non-toxic variant of diphtheria toxin. These conjugates induce 

robust, T-dependent antibody responses in young children. Routine immunizations with the 

pneumococcal conjugate vaccine have resulted in highly significant reductions in 

pneumococcus bacteremia among young children [4, 5].

Vitamin A deficiencies (VAD) and insufficiencies are present in both developed and 

developing countries [6–9] and have been associated with poor immune responses toward 

respiratory tract pathogens [10, 11], as well as an increased incidence of and morbidity from 

respiratory disease in school age children. Knowing that prevention of infection is critical in 

these highly susceptible populations, we employed a murine model of VAD to determine if 

PCV-13 was efficacious in the context of VAD.

Materials and Methods

Animals and Vitamin A Deficiency

C57BL/6 (H2-b) mice were purchased from Jackson Laboratories (Bar harbor, ME). Day 4–

5 estrus pregnant females were placed on either a control or VAD diet (Test Diets) upon their 

arrival in the animal facility at St. Jude Children’s Research Hospital (St. Jude). VAD (cat. 

no. 5WA2) and control (cat. no. 5W9M) diets differed only in vitamin A content, containing 

either 0 or 15 IU/g vitamin A palmitate, respectively. Mice remained on their assigned diets 

throughout their pregnancies and while nursing. Weaned pups were continued on the 

appropriate diets throughout experimentation. Both male and female offspring were used in 

experiments. All experiments were repeated to ensure reproducibility. Mice were sacrificed 

by anesthetization with tribromoethanol (avertin) followed by exsanguination or by carbon 

dioxide asphyxiation followed by cervical dislocation, as approved by the Institutional 

Animal Care and Use Committee (IACUC). St. Jude follows the standards established by the 

Animal Welfare Act and by the document entitled “Principles for the Use of Animals and 

Guide for the Care and Use of Laboratory Animals” and maintains continuous AAALAC 

approvals.

Vaccinations, Infections and Blood Collections

Mice were vaccinated and boosted with Prevnar-13 (Wyeth Pharm. Inc.) using a three week 

interval between prime and boost. The vaccine was diluted 1:40 in PBS and 100 μL were 

administered intraperitoneally to each mouse. At 3 weeks post-prime and 9–10 days post-

boost, animals were anesthetized with isoflurane and blood was collected via the retro-

orbital route for enzyme-linked immunosorbent assays (ELISAs). Two weeks post-boost, 

vaccinated and unvaccinated mice were challenged intranasally with 106 colony forming 

units (CFU) of the pneumococcus Strain TIGR4 in 35 μL PBS. One day post-infection, 

blood (5 μL) was collected from tails of infected mice into 45 μL of PBS with Heparin (16.5 

IU/mL) for measurement of bacterial titers by colony forming unit enumeration. Animals 

were euthanized when there were signs of meningitis or when animals became moribund.
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ELISAs

For IgM and IgG ELISAs, 96-well plates (cat. no. 9018; Corning) were coated with 5 μg/mL 

T4 (cat. no. 173-X; ATCC) or 19F (cat. no. 99-X; ATCC) polysaccharides in PBS (50 μL/

well) overnight (O/N) at 4°C. Plates were then washed 3X with phosphate buffered saline 

(PBS) and blocked for ~5 hours at room temperature (RT) with 1% BSA in PBS (200 μL/

well). Sera were serially diluted 1:200, 1:1000 and 1:5000 in dilution buffer (1% BSA 

+ 0.05% Tween in PBS). Blocking buffer was removed and sera were added to plates (50 

μL/well) and incubated O/N at 4°C. Plates were then washed 3X with PBS + 0.05% Tween. 

Secondary antibodies (anti-IgM-AP and anti-IgG-AP, cat. no. 1020-04 and cat. no. 1030-04, 

respectively; Southern Biotechnologies) were diluted 1:1000 in dilution buffer, added to 

plates (100 μL/well) and incubated at RT for 1 hour. Plates were washed 3X with PBS 

+ 0.05% Tween. Substrate was added to plates (1 mg/mL p-nitrophenyl phosphate (NPP 

[cat. no. N2640; Sigma]) in 5% diethanolamine buffer (cat. no. D8885; Sigma); 100 μL/

well) and plates were developed for 10–20 minutes before being read at 405 nM on a 

Molecular Devices Precision Microplate Reader. Antibody titers were determined as the 

reciprocal of the serum dilution that would produce an OD reading of 0.1.

Bacterial Titers

For the measurement of bacterial titers, blood was serially diluted 1:10 and 15 uL of each 

dilution was plated on a blood agar plate. Plates were incubated at 37°C overnight. Colonies 

were counted and excel software was used to calculate titers based on results from dilutions 

resulting in 10–100 colonies. All statistical analyses, as described in figure legends, were 

performed using GraphPad Prism software.

Results

Prevnar-13 fails to elicit antibody responses in VAD animals

VAD and control mice were vaccinated with the pneumococcal vaccine Prevnar-13 in a 

prime-boost regimen using a three week interval. Mice were bled approximately three weeks 

following the first vaccination and 10 days after the boost (~4.5 weeks post-prime). Sera 

were then evaluated for responses to two polysaccharides represented in the vaccine, 

serotype 4 (T4) and serotype 19F.

Following the first vaccination, antibody responses were difficult to detect in VAD and 

control animals (data not shown). Ten days following the booster vaccine, robust IgM and 

IgG antibody responses to both T4 and 19F polysaccharides were detectable in vitamin A-

replete mice (Figure 1A–D). However, responses in vaccinated VAD animals were 

significantly reduced. Additionally, when IgG1, IgG2b and IgG3 were evaluated 

independently, all were weak in VAD animals compared to controls (Figure 2).

Vaccinated VAD animals are poorly protected from pneumococcus infection

Two weeks after the second administration of vaccine, both VAD and control mice were 

challenged with 106 colony forming units (CFU) of pneumococcus type 4, an invasive strain 

represented in the PCV-13 vaccine. As demonstrated in Figure 3, the protection conferred by 

the vaccine was significantly reduced in VAD animals compared to controls. Vaccination 
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failed to prevent the development of bacteremia in the VAD animals whereas robust 

protection was observed in control animals. No bacteria were detected in the blood of 

control animals vaccinated with PCV-13 at 24 hours post-infection (Figure 3A). Similarly, 

the percent survival of vaccinated and unvaccinated VAD animals was not significantly 

different, whereas vaccinated control animals were well protected from the otherwise lethal 

challenge, unlike their unvaccinated counterparts (Figure 3B).

Discussion

Combined, these data demonstrate a clear failure of PCV-13 to induce a protective response 

in the context of VAD. Our IgG results are reminiscent of a previous study, in which VAD 

rats were shown to generate poor IgG responses following immunization with pneumococcal 

capsules [12]. In this study, we additionally found that IgM and multiple subtypes of IgG 

(including IgG1, IgG2b and IgG3) responses were significantly reduced in VAD mice 

compared to controls. We further found that vaccinated VAD mice were incompletely 

protected from invasive bacterial challenge, whereas the PCV-13 vaccine protected control 

mice. The poor response to PCV-13 vaccination observed in VAD mice complements 

previous studies of respiratory virus vaccines in the context of VAD whereby mucosal 

antibody responses were poor toward a parainfluenza virus (Sendai virus), a human 

influenza virus vaccine (FluMist), and a cold-adapted, PR8-derived influenza virus vaccine 

[10, 13]. Molrine et. al. further demonstrated that when VAD SCID mice were reconstituted 

with human peripheral blood lymphocytes from tetanus toxoid-positive donors, the mice 

exhibited impaired tetanus toxoid-specific antibody responses compared to vitamin-replete 

control animals. The antibody defect was corrected by supplementation of test mice with 

vitamin A prior to reconstitution [14].

Vitamin A supplementation programs are supported by the World Health Organization in the 

developing world. These programs have been associated with large reductions in childhood 

morbidity and mortality, encouraging the continuation of vitamin supplementation programs 

in low and middle income countries. A systematic meta-analysis of 17 trials including 

almost 200,000 participants between the ages of 6 months and 5 years revealed a 24% 

reduction in all-cause mortality among vitamin-supplemented individuals. Several studies 

also revealed associations between vitamin A supplementation and a reduced incidence of 

measles, diarrhea, night blindness, and xerophthalmia [9].

Previously, we have found that in Memphis, Tennessee, low serum vitamin A levels (scored 

by measuring the surrogate retinol binding protein) are quite common. Unfortunately, 

nutritional deficits among individuals in inner cities of the United States are not fully 

recognized. The situation may be worsening, as low income families gain better access to 

‘fast’ foods rather than unprocessed and fortified foods. Our study in Memphis showed that 

low vitamin A levels associated with low serum IgA as well as poor influenza virus-specific 

neutralizing antibodies [6]. A placebo controlled, randomized, blinded, clinical study is now 

in progress to determine if vitamin supplements can be partnered with the administration of 

influenza virus vaccines to increase vaccine-induced immune responses in vitamin-deficient 

or vitamin-insufficient children in Memphis (Clinicaltrials.gov, CTG ID# NCT02649192, 

FLUVIT).
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There are several cases of PCV-7 and PCV-13 clinical vaccine failures described in the 

literature [15, 16]. Data described in this report support the hypothesis that vitamin 

deficiencies may contribute to sub-optimal vaccine responses in the clinic. Possibly, vitamin 

supplementation will prove beneficial for improving vaccine efficacy. Programs that measure 

vitamin levels in children receiving PCV-13 are now encouraged. If poor responses correlate 

with low vitamin levels, data may drive future efforts to partner vitamin supplementation 

with PCV-13 vaccination, to prevent the serious consequences of pneumococcus infections 

in children.
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HIGHLIGHTS

1. In a mouse model for VAD, PCV-13 failed to elicit binding antibody 

activities.

2. PCV-13 failed to elicit neutralizing antibody activities in mice with VAD.

3. PCV-13 failed to protect mice with VAD from lethal pneumococcus 

infections.

4. Possibly, PCV-13 is also failing in children with VAD.
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Figure 1. Weak antibody responses toward PCV-13 in the context of VAD
Antibodies were evaluated by ELISA 10 days after a booster vaccine with PCV-13 in VAD 

and control mice (N = 7 per group, N = 2 for naive). IgG and IgM responses are shown 

against serotypes 4 (T4) (A-B) and 19F (C-D) of pneumococcus. Statistical significance in 

antibody titers between VAD and control mice was determined using a Mann-Whitney U 

test.
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Figure 2. Poor IgG subtype responses toward PCV-13 in the context of VAD
Serotype 4 (T4)-specific antibodies were evaluated by ELISA 10 days after a booster 

vaccine with PCV-13. OD readings for (A) IgG1, (B) IgG2b and (C) IgG3 are shown for 

VAD and control animals (N = 10 per group, N = 2 for naïve).
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Figure 3. Failed PCV-13 vaccine efficacy in the context of VAD
(A) Bacterial titers and (B) survival are shown for PCV-13 vaccinated (N = 29–30 per group) 

and unvaccinated (N = 12–15 per group) VAD and control animals following challenge with 

pathogenic pneumococcus. All mice were infected with 106 CFU of serotype T4. Results are 

shown for two experiments combined. CON=control animals. Statistical significance was 

determined using a Mann-Whitney U test for comparisons of bacterial titers. Significant 
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differences were observed between vaccinated and unvaccinated mice and between VAD and 

control mice. Significant differences in survival were evaluated using a Mantel-Cox test.
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