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Abstract

Most pathogenic bacteria express surface carbohydrates called capsular polysaccharides (CPSs). 

CPSs are important vaccine targets since they are easily accessible and recognizable by the 

immune system. However, CPS-specific adaptive humoral immune responses can only be achieved 

by the covalent conjugation of CPSs with carrier proteins to produce glycoconjugate vaccines. We 

previously described a mechanism by which a model glycoconjugate vaccine can activate the 

adaptive immune system and demonstrated that the mammalian CD4+ T cell repertoire contains a 

population of carbohydrate-specific T cells (i.e., Tcarbs). In this study, we employ glycoconjugates 

of type 3 Streptococcus pneumoniae CPS (Pn3P) to assess whether the carbohydrate-specific 

adaptive immune response exemplified in our previous study can be applied to the conjugates of 

this lethal pathogen. Here, we provide evidence for the functional roles of Pn3P-specific CD4+ T 

cells utilizing mouse immunization schemes that induce Pn3P-specific immunoglobulin G (IgG) 

responses in a Tcarb-dependent manner.

Introduction

Exploiting their high antigenicity, capsular polysaccharides (CPSs) have been used as main 

components of glycoconjugate vaccines in clinical practice worldwide in the past three 

decades (1). Immunizations with glycoconjugates containing CPSs from H. influenzae, S. 
pneumoniae, and N. meningitidis have been utilized in preventing/controlling infectious 

diseases caused by these bacterial pathogens (2, 3). While glycoconjugate vaccines have 

provided great health benefits in controlling bacterial diseases, glycoconjugate construction 

has often been a random process of empirically linking two molecules (carbohydrate and 

protein) with minimum consideration of their mechanism of action (4), resulting in poorly 

characterized, heterogeneous and variably immunogenic glycoconjugate vaccines (1, 5). 

Demystifying T cell activation mechanisms of glycoconjugate vaccines is a key step towards 

designing new-generation vaccines. We recently demonstrated a mechanism through which 

uptake of a glycoconjugate vaccine by antigen presenting cells (APCs) results in the 

presentation of a carbohydrate epitope by the major histocompatibility class II complex 

(MHCII), thus stimulating carbohydrate-specific CD4+ T cells (Tcarbs) (6–8).
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In the present study, we employ model glycoconjugates of type 3 Streptococcus pneumoniae 
CPS (Pn3P) to examine whether the carbohydrate-specific adaptive immune responses 

exemplified in our previous findings apply to other carbohydrate antigens used in 

glycoconjugate vaccines. The Gram-positive pathogen Streptococcus pneumoniae can be 

sorted into over 90 capsular serotypes (9). Multiple studies have shown the ability of CPS-

specific antibodies to provide protection from pneumococcal challenges (10, 11). However, 

most CPSs are poorly immunogenic, since they cannot, in their pure form, induce T cell 

dependent immune responses (4, 12). Immunization with glycoconjugates, as opposed to 

pure glycans, elicits T cell help for B cells that produce high-affinity IgG antibodies to the 

CPS component of the vaccine and induces memory B and T cell development (4, 12). Since 

the introduction of the first pneumococcal conjugate vaccine, PCV7, the incidence rate of 

pneumococcal disease has been reduced significantly (11). The current pneumococcal 

conjugate vaccine is the 13-valent Prevnar13®, encompassing CPSs from thirteen of the 

most prevalent serotypes of S. pneumoniae (11). The model conjugate vaccine used in this 

study is in fact a component of the existing 13-valent pneumococcal conjugate vaccine. S. 
pneumoniae remains among the most lethal infectious agents despite the availability of 

global vaccination programs (11, 13). The type 3 strain in particular is among the most 

virulent strains. Despite current vaccination programs, morbidity of the type 3 strain remains 

high, raising questions regarding the efficacy of this vaccine (14). The knowledge gained in 

the present study may have implications in producing a highly protective knowledge-based 

pneumococcal vaccine.

Materials and Methods

Mice

Eight-week-old female BALB/c mice were obtained from Taconic Biosciences (Hudson, 

NY) and housed in the Coverdell Rodent Vivarium at the University of Georgia. Mice were 

kept in microisolator cages and handled under a laminar flow hood. All mouse experiments 

were in compliance with the University of Georgia Institutional Animal Care and Use 

Committee under the approved animal use protocol # A2013 12-011-Y1-A0.

Antigens

Purified Pn3P powder was obtained from American Type Cell Collection (Cat. #172-X). 

Pn3P was reduced to an average molecular weight of 100kDa by hydrolysis with 0.3M 

trifluoroacetic acid. Pn3P was conjugated to either ovalbumin (Sigma A7641) or keyhole 

limpet hemocyanin (Calbiochem 374805) through reductive amination as previously 

described (6, 7). Pn3P conjugates were isolated from unconjugated components by size 

exclusion chromatography (Suppl. Fig. 1). A combination of phenol sulfuric acid and BCA 

assays using Pn3P and carrier proteins for standard curve generation confirmed that the 

conjugates consisted of 45–55% protein and 45–55% Pn3P (7).

Immunizations

Groups of BALB/c mice were immunized intraperitoneally on days 0 and 14 with 5 μg of 

antigen in phosphate buffered saline (PBS) mixed with 2% alhydrogel (Invivogen #vac-

alu-50) in a 3:1 ratio. For T cell assays, groups of BALB/c mice were immunized with 
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antigens emulsified in Freund’s adjuvant (Thermo Scientific) by subcutaneous injection. 

Where indicated, mixtures consisted of quantities consistent with conjugate ratios.

Adoptive transfers

Groups of donor BALB/c mice were primed and boosted with 5 μg Pn3P or 10 μg of Pn3P-

KLH subcutaneously at 3-week intervals. Mice were sacrificed 5 days after boost. CD4+ T 

cells were isolated from spleen and lymph nodes of Pn3P and Pn3P-KLH primed mice were 

negatively selected using mouse CD4+ T lymphocyte enrichment magnetic beads (BD 

Biosciences 558131), and splenic B cells from Pn3P-KLH primed mice were isolated using 

mouse B lymphocyte enrichment magnetic beads (BD Biosciences 557792). Isolation of a 

given cell type was confirmed by flow cytometry. CD4+ T cells (1×107) from either Pn3P or 

Pn3P-KLH immunized donors and B cells (1×107) from Pn3P-KLH immunized mice were 

adoptively transferred to recipient mice through tail vein injections in PBS. The recipient 

mice were then immunized with Pn3P-KLH or Pn3P-OVA 1 day after adoptive transfer.

Detection of Pn3P-specific serum antibodies

Mice were bled from the tail vein on days 14 and 21 during the prime-boost immunization 

experiments. Mice used in the adoptive transfer experiment were bled 3 days after booster 

immunization (4 days after transfer). Pn3P-specific antibodies in serum were detected by 

ELISA in 96 well plates coated with 2.5 μg/ml of Pn3P-HSA conjugate. Four immune sera 

per group were used in all ELISA experiments.

Opsonophagocytic killing assay

Opsonophagocytic killing assay was performed as previously described (15). Briefly, Type 3 

Streptococcus pneumoniae WU2 strain (approximately 800 CFU/10 μL/well) was incubated 

with mouse sera samples (20 μL each at 1:30 dilutions) in duplicate wells in a 96-well 

round-bottom plate for 30 minutes with shaking at room temperature in Opsonization Buffer 

B (15). HL60 cells (ATCC CCL-240, generously provided by Gerald Pier) were cultured in 

RPMI with 10% heat-inactivated FetalClone (HyClone, SH30080.03) and 1% L-glutamine. 

HL60 cells were differentiated as previously described (15). Baby rabbit complement (Pel-

Freez, 31061) was added to HL60 cells at 20% final volume, with a final cell concentration 

of 1×107 cells/mL. The HL60/complement mixture was added to the serum/bacteria at 

5×105 cells/well. The reactions were incubated at 37°C for 1 hour with shaking. The 

reactions were stopped by incubating the plate(s) on ice for approximately 20 minutes. 10 

μL of each reaction was diluted into a final volume of 50 μL and plated onto blood agar 

plates. Plates were incubated overnight at 30°C in anaerobic conditions and counted. Percent 

viability was calculated as each duplicate reaction subtracted from the mean values obtained 

for control samples (naïve serum, 100% survival).

Antibodies and flow Cytometry

The following fluorophore-conjugated antibodies used in flow cytometry detection were 

purchased from Biolegend: anti-mouse CD3ε (clone145-2C11), anti-mouse CD4 (clone 

GK1.5), anti-mouse CD69 (clone H1.2F3). 5(6)-Carboxyfluorescein diacetate N-

succinimidyl ester (CFSE) was purchased from Sigma. Following surface staining of cell 
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suspensions at 4˚C, samples were analyzed on CyAn (Beckman Coulter). Data were 

analyzed using FlowJo software (Tree Star).

Enzyme-Linked ImmunoSpot (ELISPOT) Assay

Groups of BALB/c mice were immunized with 10ug of Pn3P-OVA emulsified in Freund’s 

adjuvant (Thermo Scientific) by subcutaneous injection. CD4+ T cells were isolated from 

lymph nodes of Pn3P-OVA immunized mice and stimulated in vitro in the presence of 

irradiated APCs pulsed with indicated antigens. After 24hr stimulation, IL-2 production was 

detected by ELISPOT assay using mouse ELISPOT reagent set (Cellular Technology Ltd) 

according to the manufacturer’s protocol. The ELISPOT samples were analyzed by 

ImmunoSpot S6 analyzer using the ImmunoCapture 6.3 and ImmunoSpot 5.0 Pro DC 

software (Cellular Technology Ltd).

Generation of Pn3P-specific T cell Hybridomas

T-cell hybridomas were generated as previously described (16). Briefly, BALB/c mice were 

immunized with Pn3P-KLH emulsified in Freund’s adjuvant (Thermo Scientific). Primary 

CD4+ T cells obtained from lymph node of immunized mice were re-stimulated in vitro 
with APCs that pulsed with Pn3P-KLH. Activated CD4+ T cells were fused with BW5147 T 

cell lymphoma cells at a ratio of 1:1. The T cell hybrids were selected in Dulbecco’s 

Modified Eagle’s Medium containing hypoxanthine-aminopterin-thymidine and screened for 

CD3 and CD4 expression. Antigen specificity was screened by activating the T hybridoma 

cells with appropriate antigens in the presence of APCs. Culture supernatant was collected 

after 24hrs stimulation to test IL-2 production by ELISA assay using paired rat monoclonal 

antibodies for mouse IL-2 (Biolegend).

Results

Carrier specific T cells are unable to boost Pn3P specific IgG titers

To assess the role of carbohydrate specific CD4+ T cells on the adaptive humoral immune 

response to Pn3P glycoconjugate, we performed a series of immunization experiments. We 

first performed primary immunizations to BALB/c mice with either KLH or Pn3P-KLH 

conjugate and 14 days later we performed booster immunizations with the Pn3P-KLH 

conjugate. On day 21, we compared Pn3P-specific IgG levels in the sera of the mice 

receiving primary and secondary immunizations (Fig. 1A). Mice that received the Pn3P-

KLH conjugate in both primary and secondary immunizations produced high IgG titers, 

characteristic of a booster response. However, priming with KLH alone failed to generate a 

booster IgG response after the secondary immunization. If the Pn3P-KLH conjugate had 

induced T cell stimulation via a peptide epitope, the mice primed with either carrier alone or 

with the conjugate should have had comparable Pn3P IgG titers after boosting with the 

conjugate. We compared carrier specific IgG titers in mice immunized with conjugate versus 

carrier alone. KLH specific IgG levels were similar in these groups (Suppl. Fig. 2). To 

determine whether the inability of the carrier to induce a priming response for a 

glycoconjugate boost is due to a lack of T-cell or B-cell priming, we immunized mice with 

an unconjugated mixture of Pn3P and KLH to provide T cells primed with KLH derived 

peptides, and B cells primed with Pn3P, and boosted these mice with the glycoconjugate 
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(Fig.1A). Again, priming with the mixture did not support a robust secondary antibody 

response to the polysaccharide upon boosting with the glycoconjugate (Fig. 1A). Regardless 

of whether the glycan was conjugated or not, similar Pn3P IgM levels were found in the sera 

of both groups of immunized mice, suggesting a similar level of B cell stimulation (Fig. 1B). 

Additional control groups of mice primed with no antigen (PBS) or Pn3P alone (Fig. 1) 

showed very low levels of serum IgG and IgM.

Boosting with alternate carrier protein conjugate generates high Pn3P IgG responses

In a separate immunization experiment we performed primary immunizations to groups of 

BALB/c mice with Pn3P-KLH and booster immunizations with a glycoconjugate containing 

the heterologous carrier protein, ovalbumin (OVA), to assess whether CD4+ T-cells 

specifically recognizing Pn3P epitopes help to induce the secondary humoral immune 

response to the glycoconjugate. Serum levels of Pn3P-specific IgG were measured 7 days 

after secondary immunizations (Fig. 2A). Boosting of Pn3P-KLH-primed mice with Pn3P-

OVA induced Pn3P-specific IgG titers consistent to those seen after priming and boosting 

with Pn3P-KLH or priming and boosting with Pn3P-OVA (Fig. 2A). Control groups 

including mice primed with Pn3P-KLH and boosted with a mixture of unconjugated Pn3P 

and OVA, and mice primed with Pn3P and boosted with Pn3P-OVA. Similar Pn3P IgM 

levels were found in the sera of all immunized mice, suggesting a similar level of B cell 

stimulation (Fig. 2B). To further confirm Pn3P specificity, we performed whole cell and 

competition ELISA experiments (Suppl. Fig. 3). Serum IgGs bound to paraformaldehyde 

fixed whole Pn3 cells (WU2 strain) (Suppl. Fig. 3A) whereas they failed to bind to Pn4 cells 

(TIGR4 strain) (data not shown). Additionally, prior incubation with soluble Pn3P inhibited 

IgGs from binding to the Pn3P-HSA coated plate whereas soluble Pn4P did not (Suppl. Fig. 

3B). Observing a booster humoral immune response upon immunization with a heterologous 

carrier strongly suggests that T cell help for induction of Pn3P-specific immune responses is 

recruited primarily via recognition of a presented carbohydrate epitope. A key aspect of this 

experiment is to ensure that conjugate with OVA carrier induces similar Pn3P IgG titers 

upon primary and secondary immunizations as does the conjugate with KLH carrier, so 

alternate carrier data is comparable (Fig. 2A).

CD4+ T cells adoptively transferred from Pn3P-KLH immunized mice help Pn3P IgG 
booster response by Pn3P-OVA in recipient mice

To directly examine the contribution of CD4+ T cells in the Pn3P-specific booster IgG 

responses, we performed an adoptive transfer experiment (Fig. 3). In this experiment groups 

of BALB/c donor mice were immunized with Pn3P or Pn3P-KLH. CD4+ T cells from each 

group were isolated and adoptively transferred to groups of recipient mice through tail-vein 

injections. Two groups of recipient mice received CD4+ T cells from mice immunized with 

Pn3P, and two groups of recipient mice received CD4+ T cells from mice immunized with 

Pn3P-KLH. All groups of recipient mice received splenic B cells obtained from Pn3P-KLH 

immunized mice to directly assess the functional role of CD4+ T cells in the polysaccharide 

specific IgG responses to glycoconjugate immunization. One day after receiving T and B 

cells, groups were immunized with either Pn3P-KLH, or the glycoconjugate with alternate 

carrier protein, Pn3P-OVA (Fig. 3A). Titers of Pn3P specific IgG were determined in serum 

collected three days after immunization of recipient groups. Groups that received CD4+ T 
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cells from Pn3P-KLH immunized donor mice displayed significantly higher Pn3P specific 

IgG titers than the groups that received CD4+ T cells from Pn3P immunized donor mice 

(Fig. 3B). Additionally, the booster IgG response in the Pn3P-KLH immunized group was 

comparable to the Pn3P-OVA group. Again, similar Pn3P specific IgM levels were found in 

the sera of all immunized mice (Fig. 3C). We then performed an opsonophagocytic killing 

assay to assess the functional capacity of these Pn3P specific IgGs (Fig. 3D). We observed 

that serum from mice that received CD4+ T cells from Pn3P-KLH immunized mice 

demonstrated nearly complete killing of the WU2 strain, regardless of whether the recipient 

groups were immunized with Pn3P-OVA (group C in Fig. 3D) or Pn3P-KLH (group D in 

Fig. 3D); while serum from mice that received CD4+ T cells from Pn3P immunized mice 

showed minor killing activity (groups A and B in Fig. 3D).

In vitro stimulation of primary CD4+ T cells display carbohydrate specificity

To further investigate the CD4+ T cell responses to glycoconjugates, we isolated CD4+ T 

cells from lymph nodes of Pn3P-OVA immunized mice. These cells were stimulated in vitro 
with polysaccharide alone, the carrier protein ovalbumin, or the conjugate Pn3P-OVA in the 

presence of irradiated splenic APCs. T cell activation by these antigens was examined by 

detecting the early activation marker CD69 expression by flow cytometry (Fig. 4A–B). After 

3 days of in vitro stimulation, a significantly higher percentage of T cells were activated by 

the conjugate in vitro than by the carrier protein or polysaccharide alone, an evidence for 

carbohydrate dependent recognition in this T cell population. Furthermore, we looked at T 

cell proliferation by CFSE staining of the CD4+ T cells after in vitro stimulation. The T cell 

proliferation rate was measured by CFSE dilution after 5 days of culture (Fig. 4C–D). 

Again, a higher percentage of these cells proliferate upon stimulation with Pn3P-OVA 

conjugate compared to carrier protein or polysaccharide alone. In an additional 

immunization scheme, in which mice were primed with Pn3P-OVA, and then boosted with 

Pn3P-KLH (Fig. 4E), we observed that in vitro stimulation by both conjugates stimulated a 

higher percentage of CD4+ T cell response than their carriers alone or polysaccharide alone. 

Further evidence was obtained by stimulating CD4+ T cells from Pn3P-OVA immunized 

mice with a heterologous (Pn3P-TT) conjugate compared to its carrier protein. Higher T cell 

activation was observed in response to the Pn3P-TT conjugate than the TT alone by 

measuring IL-2 production in an ELISPOT assay (Suppl. Fig. 4).

Pn3P specific CD4+ T cell hybridoma generation

To further assess the T cell specificity, we generated T cell hybridomas by fusing primary 

CD4+ T cells from Pn3P-KLH immunized mice with BW5147 T cell lymphoma cells. 

CD3+CD4+ hybridomas were then screened by incubation with Pn3P-KLH in vitro in the 

presence of irradiated APCs. Numerous T cell hybridomas were stimulated in vitro by Pn3P-

KLH as measured by the production of Interleukin 2 (IL-2) using ELISA (Fig. 5A). 

Hybridomas that secreted high concentrations of IL-2 compared to controls were tested for 

their carbohydrate specificity by incubation with Pn3P-OVA, Pn3P-KLH, and the carrier 

proteins alone. Four select hybridomas shown here (Fig. 5B) consistently secreted more IL-2 

when stimulated by glycoconjugates, no matter which carrier protein, indicating a 

carbohydrate dependent recognition by these cells. Along with the immunization and 

adoptive transfer experiments described above, these T cell assays further demonstrate that a 
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population of carbohydrate-specific CD4+ T cell play an important role in helping anti-Pn3P 

antibody generation.

Discussion

Despite the availability of a glycoconjugate vaccine against S. pneumoniae, it remains one of 

the world’s most deadly pathogens. The current 13-valent vaccine induces variable immune 

responses to each serotype and is not as effective against serotype 3, an exceptionally 

virulent serotype (17, 18). Studies have shown that multivalent glycoconjugate vaccines 

encompassing serotype 3 CPS have impaired booster responses, and fail to protect from 

otitis media infections from serotype 3 (19). In addition, individuals vaccinated with PCV13 

require higher opsonophagocytosis assay serum titers for serotype 3 in comparison with 

other serotypes (20).

T cell responses described here are consistent with our previous findings (6, 7). Upon 

immunization, a very small percentage of T cells that recognize carbohydrate epitopes are 

expanded. Through in vitro expansion, this T cell population could be enriched. In addition 

to our own studies, multiple past and present studies demonstrate the presence of T cell 

populations that recognize carbohydrate epitopes of glycoconjugate vaccines (21–24). This 

work contributes to the broader application of Tcarb mediated immune responses and next-

generation vaccine development strategies against bacterial pathogens. Future studies on 

cloning the T cell populations described here will shed light on functional properties of 

Tcarb populations and structural requirements for their T cell receptor engagement with 

carbohydrate epitopes and MHCII complexes. Further identification of Tcarb epitopes 

generated through processing and presentation of pneumococcal glycoconjugate vaccines by 

the antigen presenting cells will have direct implications in producing future knowledge-

based vaccines that are target-specific, structurally designed, highly immunogenic and 

protective, and produced at much lower cost, thus allowing a much wider use on a global 

scale than current vaccines to control or eliminate invasive pneumococcal diseases (13).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Primary immunization with the carrier protein doesn’t contribute to the Pn3P-specific 

secondary immune response. Pn3P IgG (A), Pn3P IgM (B) and KLH IgG (C) titers in 

BALB/c mice primed (day 0) and boosted (day 14) with different antigen combinations, as 

measured by ELISA in serum obtained on day 14 (pre-boost) and 21. n=4/group. Serum 

titers are reported as the reciprocal dilution that results in an OD of 0.5 at 405nm. Statistical 

significance was determined with the two-tailed student’s t-test. *** P<0.001. NS=not 

significant. ND=not detectable.
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FIGURE 2. 
The use of a heterologous carrier in the Pn3P conjugate doesn’t interfere with the Pn3P-

specific secondary immune response. Pn3P IgG (A) and IgM (B) titers in BALB/c mice 

primed (day 0) and boosted (day 14) with different antigen combinations, as measured by 

ELISA in serum obtained on day 21. n=4/group. Serum titers are reported as the reciprocal 

dilution that results in an OD of 0.5 at 405nm. Statistical significance was determined with 

the two-tailed student’s t-test. *** P<0.001. NS=not significant
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FIGURE 3. 
CD4+ T cells adoptively transferred from donor mice immunized with Pn3P-KLH provides 

the T cell help for Pn3P-specific secondary immune responses in the recipient mice upon 

their immunization with Pn3P-OVA (A). Pn3P IgG (B) and IgM (C) titers in BALB/c mice 

that received CD4+ T cells and B cells from immunized donor mice and were immunized 

with Pn3P-KLH or Pn3P-OVA (day 0), as measured by ELISA in serum obtained on day 3. 

n=4/group. Serum titers are reported as the reciprocal dilution that results in an OD of 0.5 at 

405nm. Functional test of Pn3P specific antibodies in serum using opsonophagocytic killing 

assay, displaying percent viability of bacterial cells after incubation with HL-60 cells in the 

presence of serum and complement (D). Statistical significance was determined with the 

two-tailed student’s t-test. *** P<0.001. NS= not significant
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Figure 4. 
Evidence for Pn3P specific CD4+ T cell response after Pn3P conjugates immunization. (A-

D) CD4+ T cells were isolated from lymph nodes of Pn3P-OVA immunized mice and 

stimulated in vitro in the presence of irradiated APCs (CD3 depleted mouse splenic 

mononuclear cells) pulsed with indicated antigens. T cell activation and proliferation were 

detected by flow cytometry. Representative FACS profiles (A) and the percentile (B) of 

CD69 expression on CD4+ T cells after 3 days of stimulation were shown. (C, D) CD4+ T 

cells were labeled with CFSE fluorescence before culture. CFSE dilution as T cell 

proliferation rate was measured after 5 days of stimulation. (E) CD4+ T cells from mice 

primed with Pn3P-OVA and boosted with Pn3P-KLH incubated with the indicated antigens 

in the presence of iAPCs and CD69 expression was measured. Representative results are 

shown from one of three independent experiments performed. Data were shown as mean

+SD. *P<0.05, **P<0.01, ***P<0.001.
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Figure 5. 
Generation of Pn3P specific CD4+ T cell hybridomas. Pn3P conjugate specific T cell 

hybridomas were generated by fusion of primary CD4+ T cells isolated from Pn3P-KLH 

immunized mice with BW5147 T cell lymphoma cells. T hybridoma cell lines positive for 

both CD3 and CD4 expression were selected to investigate their response to Pn3P-KLH 

antigen. (A) Antigen specificity of T hybridoma cell lines was determined by their ability to 

produce IL-2 using ELISA assays in the presence of irradiated APCs and Pn3P-KLH 

antigen. (B) Four representative CD4+ T hybridoma cell lines were selected and tested their 

ability to produce IL-2 using ELISA assays in the presence of APCs pulsed with Pn3P 

conjugates or carrier proteins. Data were shown as mean+SD. *P<0.05, **P<0.01
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