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Abstract

Abundant autologous proteins, like serum albumin, should be immunologically inert. However,

individuals with no apparent predisposition to autoimmune disease can develop immune responses

to autologous therapeutic proteins. Protein aggregation is a potential major trigger of these

responses. Adsorption of proteins to particles provides macromolecular size and may generate

structural changes in the protein, resembling aggregation. Using aldehyde/sulfate latex beads

coated with murine serum albumin (MSA), we found that mice mounted MSA-specific IgG

responses that were dependent on CD4+ T cells. IgG were specific for MSA adsorbed to solid

surfaces and non-cross-reactive with human, bovine or pig albumins. T cells induced in response

to MSA, augmented the primary and induced boosted secondary IgG and IgM responses specific

for the T cell-independent antigen, capsular polysaccharide of Streptococcus pneumoniae type 14

(PPS14), when the latter was attached to the same bead. Similar to the anti-MSA IgG response, the

boosted PPS14-specific IgG secondary response was CD4+ T cell-dependent, displayed a typical

carrier effect, and was enhanced by, but did not require, Toll-like receptor stimulation. These

results provide a potential mechanism for the induction of responses to autoantigens unable to

induce specific T cell responses, and provide new insights into polysaccharide-specific immunity.
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INTRODUCTION

Autologous proteins are typically non-immunogenic. However, therapeutic autologous

proteins often elicit antibody responses in non-autoimmune hosts. [1–3]. These responses

reduce their efficacy [3], and in some instances, produce severe pathology[2; 4].

Degradation, modification or aggregation of the protein [5], or its contamination with TLR
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ligands [6; 7], are some of the possible factors responsible for inducing these antibody

responses, although the underlying mechanisms are poorly understood.

Human serum albumin has a wide variety of clinical applications including intravascular

volume stabilization [8] and as a stabilizer for protein therapeutics and vaccines [9].

Albumin constitutes nearly 60% of total plasma proteins [10]. It exhibits limited

polymorphism, including no known phenotypic variation in inbred mouse strains [11]. In

humans, although the gene for albumin is highly polymorphic, variations in the encoded

protein sequence are rare [12]. Moreover, during its synthesis albumin is non-glycosylated,

reducing its potential variability, although 6–15% may undergo nonenzymatic glycation in

the blood [13] [14]. Glycation alters the conformation and function of albumin [15; 16].

Albumin also binds many ligands in serum [10; 17], and interacts specifically with a variety

of host cells [18], and some bacterial pathogens [19–21]. Bacteria can also bind albumin

passively or indirectly through receptors specific for other serum factors bound to albumin,

like heme [22].

Extracellular bacteria are antigenically-complex particles in which capsular polysaccharide

(CPS) and proteins are non-covalently associated. Antibody responses to CPS expressed by

intact bacteria display features intermediate between purified CPS and CPS-protein

conjugate vaccines [23; 24]. Thus, in contrast to the IgG response to isolated CPS of

Streptococcus pneumoniae type 14 (PPS14), which is T cell-independent (TI), both the

PPS14-specific IgG responses to intact S. pneumoniae and to PPS14-protein conjugate

vaccines are dependent upon CD4+ T cell help. However, in contrast to conjugates, both

purified and bacteria-linked PPS14 induce anti-PPS14 IgG responses with limited affinity

maturation [25] [23]. Moreover, because of their particulate nature, and similarly to protein

aggregates, bacteria concentrate within the marginal zone (MZ) of the spleen [26], and are

more efficiently internalized by APCs [23; 27]. As a result, anti-PPS14 IgG responses

induced by bacteria are largely elicited by MZB cells and dominated by the 44.1-idiotype

[25]. In contrast, anti-PPS14 IgG responses to soluble conjugates arise from follicular B

cells with only minor expression of this idiotype [25; 28]. We now show that murine serum

albumin (MSA) attached to bacteria-size (1 µm) latex beads induce MSA-specific B and T

cell responses, and that these responses can provide efficient help for antibody responses

specific for CPS co-expressed non-covalently on the same bead. These results suggest a

novel link between autoimmunity and anti-bacterial humoral immunity.

RESULTS

Autologous MSA attached to PPS14-coated beads induces CD4+ T cell help for boosted
anti-PPS14 Ig response

Autologous therapeutic proteins often induce unwanted antibody responses potentially

resulting from self-aggregation [1]. In light of albumin binding to bacterial surfaces,

potentially mimicking this aggregation, we wished to determine whether MSA attached to

bacteria-sized particles could induce an autoimmune response, and perhaps elicit CD4+ T

cell help for a non-covalently associated TI antigen, such as bacterial CPS. Thus, PPS14 and

MSA were both covalently attached to 0.96µm diameter latex beads, but not to each other

(Supplemental figure 1; PPS14+[MSA]-beads). Additional beads, used as controls, were
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coated with similar amounts of MSA alone ([MSA]-beads) or PPS14 alone (PPS14+[Gly]-

beads) or without any antigen ([Gly]-beads).

Both [MSA]- and PPS14+[MSA]-, but not PPS14+[Gly]-beads induced a modest but

significant secondary anti-MSA IgG response in BALB/c, but not in athymic nude mice

(Figure 1A). Further, PPS14+[MSA], but not [MSA] beads induced primary, and highly

boosted secondary anti-PPS14 IgG responses in BALB/c, but not in athymic nude mice

(Figure 1A), that included all IgG subclasses (Supplemental figure figure 2A). Primary and

secondary PPS14-specific IgG responses to free PPS14 and PPS14+[Gly]-beads were

mostly IgG1 and IgG3 (Supplemental figure 2). MSA-specific IgG were preferentially

IgG2a and IgG3 (Supplemental figure 2B), although the MSA-specific IgG secondary

responses kinetically mirrored the PPS14-specific IgG responses (Figure 1A). These results

clearly indicate that the induction of boosted PPS14-specific IgG was T cell-dependent

(TD). PPS14-specific IgM secondary responses were also boosted in a TD manner (Figure

1A). In contrast, PPS14+[Gly]-beads induced primary PPS14-specific IgG and IgM

responses in BALB/c mice that were not significantly different in serum titer than the

secondary response (p=0.11) or in nude mice (p=0.31; Figure 1A), indicating their strictly TI

nature. These results demonstrate that MSA is directly involved in the induction of TD

boosted responses to PPS14 when the two are co-expressed on the same bead.

BALB/c mice were further acutely depleted of CD4+ T cells with anti-mouse CD4 mAb

prior to primary immunization with PPS14+[MSA]-beads. These mice, in contrast to

controls, failed to induce boosted PPS14-specific IgG and IgM responses upon secondary

immunization (Figure 1B), although the primary PPS14-specific antibody responses were

similar between the two groups (Figure 1B). Anti-CD4 mAb also inhibited the secondary

IgG anti-MSA response to PPS14+[MSA]-beads (Figure 1B). Antibody responses to free

PPS14, a TI antigen, were not boosted or affected by depletion of CD4+ T cells (Figure 1B).

Thus, induction of boosted PPS14-specific Ig secondary responses to PPS14+[MSA]-beads

required MSA-dependent priming of CD4+ T cells.

Secondary anti-PPS14 IgG responses to PPS14+[MSA]-beads are enriched in expression
of 44.1-idiotype

The idiotype 44.1-Id dominates the PPS14-specific IgG, but not IgM, responses of BALB/c

mice to bacteria expressing PPS14 [25]. In distinct contrast, PPS14-specific IgG responses

to soluble PPS14-PspA conjugate exhibited minimal usage of 44.1-Id, although significant

44.1-Id expression was elicited in response to bead-associated conjugate [25], or beads with

non-covalent association of PPS14 and PspA ([PPS14+[PspA]) [29]. Thus, 44.1-Id

dominates oligoclonal responses specific for PPS14 in particulate form. IgG1 and total IgG

anti-PPS14 responses to both PPS14+[MSA] and PPS14+[PspA] beads exhibited similar

44.1-Id usage (p>0.152) (Figure 2). Relative to the primary, the contribution of 44.1-Id to

the secondary IgG and IgG1 responses increased substantially for both (p<0.017), whereas

no increase was noted in the secondary responses to PPS14+[Gly]-beads (Figure 2). Thus,

bead-associated MSA, like the foreign protein PspA, recruit 44.1-Id+ B cell clones when

associated with PPS14.
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PPS14-specific IgG responses to PPS14+[MSA] beads undergo minimal avidity maturation

As shown in Figure 3, although the avidity of PPS14-specific IgG increases significantly

during the primary response to PPS14+[MSA] beads (p=0.00006), this increase is rather

modest and not sustained during the secondary response, similar to PPS14+[PspA]-beads. In

contrast, the avidity in response to PPS14+[Gly]-beads was lower (p<0.023) and remained

unchanged (p>0.36) (Figure 3). Thus, bead-associated MSA promotes a similar degree of

affinity maturation as PspA for an IgG anti-PPS14 response.

Bead-associated preimmune mouse sera (NMS) is also immunogenic

PPS14+[NMS]-beads were produced using sera from the same mice to be immunized, to

rule out a potential role for contaminating exogenous or allotypic proteins in the MSA

preparation. These beads contained only slightly less MSA (136±16ng/109 beads) than

PPS14+[MSA]-beads (232±19 ng/109 beads; Supplemental Figure 1), with a considerably

lower content of other major serum proteins, like IgG (16±2 ng/109 beads). PPS14+[NMS]-

beads were equally efficient as PPS14+[MSA]-beads in inducing PPS14-specific IgG

responses (Figure 4A), strongly ruling against a role for contaminants in the MSA

preparation.

PPS14 only attached to beads induced boosted anti-PPS14 IgG secondary response to
PPS14+[MSA]-beads

Immunization with a mixture of 30ng free PPS14 and 2×108 [MSA]-beads, even when

admixed with CpG-ODN+alum, induced no boosted, and statistically identical (p>0.51)

PPS14-specific IgG (Figure 4B) and IgM responses (data not shown) to those induced by

30ng of free PPS14 in the absence of [MSA]-beads. Moreover, a preparation of PPS14+

[MSA]- beads in which the PPS14-linkage was not stabilized with cyanoborohydride and

contained >10% PPS14 released from the beads, after >1year in storage, induced identical

PPS14-specific IgG responses as the same bead preparation following the removal of free

PPS14 by centrifugation (Figure 4C) as well as PPS14+[MSA]-beads prepared at the same

time, in which the PPS14-linkage was stabilized with cyanoborohydride (Figure 4C; <0.5%

free PPS14). Thus, only the PPS14 directly attached to the bead, regardless of the linkage’s

stability, participates in the induction of boosted PPS14-specific IgG responses, with no

significant contribution or inhibitory effect induced by free PPS14.

Boosted anti-PPS14 IgG secondary responses to PPS14+[MSA]-beads are induced using
micro- and nanobeads

Microparticles (0.96µm), in contrast to nanoparticles (0.15µm), cannot be phagocytized by

conventional B cells, and have a limited ability to enter into the follicles [30–32]. However,

PPS14− and MSA-specific IgG responses were not statistically different in mice immunized

with the same amount (200ng) of PPS14 attached to 0.96µm and 0.15µm PPS14+[MSA]-

beads (Figure 4D). Because the surface area is considerably lower on nanobeads, 730 times

more nanobeads (1.46 × 1011) than microbeads (2×108) were needed to contain equal

amounts of PPS14. Further, APCs need to internalize more nano- than microbeads to acquire

similar amounts of antigen. To address this issue, microbeads were coated suboptimally with

PPS14, whereas nanobeads were coated optimally. Nevertheless, mice immunized with the
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same amount of PPS14 (28ng), but this time contained in only 12 times more nano-

(4.5×109) than microbeads (3.5×108) produced similar PPS14-specific IgG (Figure 4E) and

IgM (data not shown) responses. These results suggest that professional APC are the major

target and effector of the response to PPS14+[MSA]-beads, as a facilitated access of the

beads to B cells had no major impact on the responses.

Anti-MSA IgG responses are induced only by MSA attached to the bead

Adsorption of MSA to the bead was required, as two immunizations with 50µg of free MSA

in CpG-ODN+alum did not induce detectable MSA-specific antibodies (Figure 4F). In

contrast, beads coated with only 100ng MSA induced anti-MSA IgG when combined with

CpG (Figure 4F). Further, [NMS]-beads also induced anti-MSA IgG in the donor mice (data

not shown). These results demonstrate that only bead-attached, but not soluble, MSA

induces an immune response.

Anti-MSA Ig interacts specifically with solid phase adsorbed autologous, not xenogeneic,
albumins

Detection of MSA-specific IgG was unexpected, not only because MSA is an autologous

protein, but also because of the high levels of MSA in the bloodstream, that could block the

binding of induced MSA-specific antibodies. However, this is consistent with the inability

of soluble MSA (Figure 5A; 0.1–1000µg/ml) to inhibit the binding of MSA-specific IgG

(Figure 5A) and IgM (data not shown) to MSA-coated plates. In contrast, >2500-times lower

amounts of MSA attached to beads produced significant, although incomplete, inhibition

(Figure 5A). Thus, these results strongly suggest that the interaction of MSA with mouse

anti-MSA IgG is of low avidity, and detected only with MSA adsorbed to solid surfaces.

IgG induced in response to PPS14+[MSA] beads was specific for MSA, and not other

autologous proteins, as demonstrated by the reactivity of immune, but not preimmmune, sera

with all the protein bands corresponding to the electrophoretic pattern of MSA in Western

blots (Figure 5B). Bands >67kDa (Figure 5B) are the result of the multimerization of

albumin [15; 33]. Thus, MSA aggregation does not affect its recognition by autologous anti-

MSA IgG. Mouse IgG was the only protein band detected that did not correspond to

albumin (Figure 5B, arrows), but entirely due to reactivity with the secondary goat anti-

mouse IgG. This was indicated by its presence also in preimmune sera and the decreased

band intensity in MSA of 99% versus 95% purity. Antisera showed no reactivity with the

supernatant of boiled [MSA]-beads (Figure 5B), suggesting that most of the MSA remains

attached to beads, and that no free components in the [MSA]-bead produced this reactivity.

More importantly, anti-MSA IgG was species-specific, and did not cross-react with human

or bovine albumin (Figure 5B).

Anti-MSA and anti-PPS14 IgG responses to PPS14+[MSA]-beads are enhanced by distinct
TLR agonists

We next wished to determine the role of specific adjuvants in immunity to bead-associated

antigens. Primary and boosted secondary IgG anti-PPS14, but not IgG anti-MSA, responses

to PPS14+[MSA]-beads were induced in the absence of adjuvant (Figure 4G). However,

addition of CpG-ODN, an agonist for the intracellular TLR9, markedly enhanced both
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primary (>8-fold) and secondary (>85-fold) IgG anti-PPS14 responses and induced a

secondary IgG anti-MSA response. (Figure 4G). In contrast, alum alone had no significant

effects on any of the IgG responses, nor did it further enhance CpG-ODN adjuvanticity

(Figure 4G). These data suggest that latex beads, like alum, which are potent inflammasome

activators[34] can replace the adjuvant properties of alum. Addition of synthetic agonists for

the cell surface TLR4 (monophosphoryl lipid A; MPL [35]) or TLR2 (Pam3CSK4 [36]) also

enhanced the primary and secondary PPS14-specific IgG responses to PPS14+[MSA]-beads

(Figure 6; p<0.02). However, Pam3CSK4 was less efficient than either MPL or CpG-ODN

(p=0.009; Figure 6A). Moreover, Pam3CSK4in contrast to CpG-ODN or MPL, failed to

promote detectable secondary anti-MSA IgG or IgM responses to PPS14+[MSA] beads

(Figure 6A). Consistent with the ability of MPL to enhance both polyclonal and antigen-

specific IgM responses [37], PPS14− and MSA-specific IgM responses were significantly

higher (p<0.011) and more strongly boosted than with CpG-ODN (Figure 6A), despite

similar IgG responses (p>0.24). These three adjuvants also distinctively altered the IgG

subclass response to PPS14+[MSA] beads relative to no adjuvant, where only IgG1 and

IgG3 were detected (Figure 6B). Thus, TLR-mediated activation is required for the

induction of anti-MSA and optimal anti-PPS14 antibodies responses to PPS14+[MSA],

regardless of the specific TLR involved.

Beads coated only with MSA prime for anti-PPS14 IgG responses to PPS14+[MSA]-beads

We next determined whether beads coated only with MSA could induce a typical carrier

effect [38], enhancing PPS14-specific responses to subsequent immunization with PPS14+

[MSA]-beads. Priming with [MSA] beads resulted in a higher and more rapid primary

PPS14-specific IgG responses to PPS14+[MSA]-beads (Figure 7), but did not affect the

PPS14-specific primary response to PPS14+[PspA]-beads (data not shown), or free PPS14

(Figure 7A, indicating that the effect was MSA-specific and unrelated to T or B cells with

PPS14-specificity. Of note, PPS14− and MSA-specific IgG responses to a second

immunization with PPS14+[MSA]-beads were not boosted in mice primed with [MSA]-

beads (Figure 7).

DISCUSSION

These results demonstrate that autologous serum albumin when expressed on a particulate

surface induces antigen-specific B and T cell responses, in vivodespite it being an abundant

and ubiquitous host protein. Remarkably, the CD4+ T cell response to albumin can provide

help for a humoral immune response to a bacterial CPS attached to the same particle. In light

of the ability of serum albumin to naturally adsorb onto a bacterial surface, this, breakdown

in tolerance may serve to augment the immune response to bacterial antigens. Similar

processes could be operative during the development of immune responses to cell-associated

host glycan derivatives and glycan variants which are involved in many autoimmune and

cancer-related pathologies [39; 40].

The induction of humoral immune responses specific for MSA is enigmatic. Anti-MSA

antibody responses cannot be explained by simple allotypic variation. Albumin is a highly

conserved protein[11; 12]. Moreover, anti-MSA antibodies were also induced in response to

Colino et al. Page 6

Eur J Immunol. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



beads coated with truly autologous MSA from the preimmune sera of the same mice. This

suggests a break in B cell tolerance induced by the albumin-coated beads. B cells specific

for abundant soluble self proteins, like MSA[10], are likely anergic, as opposed to

negatively selected, and thus excluded from the follicles [41]. In this regard, multivalent

forms of a self antigen can reverse B cell anergy in vivo [42]. Therefore, the propensity of

particles to be sequestered at extrafollicular locations, and the MSA multimerization

provided by the bead, suggests that rescue from B cell anergy could be a major mechanism

for the induction of MSA-specific antibodies by [MSA]-beads. Thus, our system may model

the induction of autoimmune responses by aggregated/particulate or bacteria-associated

forms of autologous antigens.

The detected anti-MSA antibodies induced by bead-associated MSA is unlikely to be

specific for normally exposed epitopes in solution, since the overabundance of MSA in

serum and its binding to antibody expressing such specificities would likely preclude their

detection. Instead, our results suggest that the detected anti-MSA Ig are specific for epitopes

better expressed when the MSA is bound to a solid surface. The simple interaction of MSA

with the hydrophobic latex surface is potentially capable of producing enough structural

rearrangements and conformational changes that expose new epitopes, similar to that

following aggregation [16]. Under certain conditions, MSA has the propensity to aggregate

in oligomeric or more complicated forms, like amyloid fibrils [16; 43]. The type of linkage

to the bead is a less likely factor. The Schiff’s base formed between the aldehyde groups on

the bead and ε-amino groups of Lys in the MSA, is the same bond linking glucose in

glycated albumin [13]. However, the high content of glycated albumin (6–15%) in healthy

individuals [14], suggests these epitopes will be similarly prone to anergy as the non-

glycosilated forms. Because glucose blocks the ε-amino group of Lys, glycated albumin is

less likely to be attached to our beads or directly involved in the responses.

MSA-coated beads induce MSA-specific CD4+ T cells, which enhance the secondary

antibody responses specific for a non-covalently associated polysaccharide. These responses

exhibited a classical carrier effect, indicating the involvement of MSA-specific memory T

cells. Although T cell clones specific for autologous MSA, are likely to be negatively

selected during development, the type of link and the interaction of MSA with the bead, as

well as the distinctive compartmentalization in the APC of particles [44], could potentially

alter the repertoire of peptides generated during processing. Thus, T cells specific for new or

altered MSA epitopes could have escaped negative selection. Our results suggest that

professional APC, rather than B cells, are directly involved in the recruitment of T cell help

for PPS14-specific responses as suggested by the lack of a significant effect of the bead size.

This is consistent with the limited avidity maturation of the PPS14-specific IgG secondary

responses, which suggest a non-cognate interaction between the MSA-specific T cells and

PPS14-specific B cells. Because many autologous antigens, such as MSA, interact with

bacteria or form aggregates during inflammation, similar mechanisms could be involved in

the development of autoimmune disorders.

Thus, it is noteworthy that PPS14-specific Ig responses to PPS14+[MSA]-beads are

markedly enhanced in the presence of TLR ligands. The lower-level induction in the

absence of exogenous adjuvants may be a consequence of the ability of latex beads to
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activate the inflammasome [34; 45], supporting a major role of professional APCs in these

responses. Agonists for both, surface (TLR2 and TLR4) and endolysosome (TLR9)

expressed TLRs [46] were effective in stimulating boosted PPS14-specific and MSA-

specific IgG secondary responses to PPS14+[MSA]-beads. However, autologous ligands

such as mammalian DNA, is a TLR9 activator, implicated in promoting autoimmunity [47],

provided that it is directed to the endolysosomal compartment where TLR9 is located, and

where particles localize. Thus, formation of protein aggregates or cell debris containing

DNA during aseptic necrosis or cell lysis and inflammation could act as triggers of

autoimmune responses.

MATERIALS AND METHODS

Mice

Female BALB/c mice (NCI, Frederick, MD) were used between 8–12 weeks. BALB/c

athymic nude mice (CByJ.Cg-Foxn1nu/J) and background strain (BALB/cByJ) were

purchased from The Jackson Laboratory (Bar Harbor, ME). These experiments were

approved by the USUHS Institutional Animal Use and Care Committees.

Reagents

Mouse IgG1κ anti-PPS14 mAb (clone 44.1) and IgG1κ mAb anti-44.1 Id (clone 2B6.2)

have been characterized [25; 48]. Polyclonal rat IgG, mouse IgG2a anti-BSA mAb (clone

BSA-33) and serum albumins from human (HSA; ≥99% purity), pig (≥99% purity), bovine

(BSA; ≥95% purity) and mouse (MSA) of ≥99% purity (Cat#A3559) or ≥95% purity

(Cat#A3139) were all purchased from Sigma (St. Louis, MO). Synthetic monophosphoryl

lipid A (MPL) and Pam3CSK4 were purchased from InvivoGen (San Diego, CA).

Preparation of beads coated with PPS14 (PPS14+[Gly]-beads)

Surfactant-free aldehyde/sulfate latex beads (Invitrogen), 0.96µm diameter, were coated

with PPS14 (ATCC, Manassas, VA) as described [29], and involved Schiff’s base formation

with aldehyde groups on the bead without use of chemical activators. These bonds were

stabilized by mild reduction with cyanoborohydride. Similar attachment of PPS14 to latex

beads, 0.15µm diameter, used 41-times more beads during coupling to correct for the

difference in surface area. Free binding sites on beads were blocked using 0.1% glycine.

Preparation of latex beads coated with PPS14 and autologous serum proteins

109 latex beads coated with PPS14 alone, but not blocked with Gly, were incubated for 24

hours with 50µg MSA (≈99% purity) (PPS14+[MSA]-beads) or 10µL preimmune mouse

sera (NMS) [containing ~50µg MSA] from the same mice that will be immunized with

beads (PPS14+[NMS]-beads). Pooled sera were passed through 10kDa ultrafiltration units to

remove small molecular weight molecules. Beads were washed and resuspended in PBS

containing 0.1% Gly. Content of free MSA and PPS14 was <0.04% and <0.13%,

respectively. Control beads were coated only with MSA ([MSA]-beads) or NMS ([NMS]-

beads). Mild attachment procedures prevented covalent linkage of proteins and PPS14.
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Quantitation of PspA and PPS14 content

The content of bead-associated PspA and PPS14 was determined by ELISA as described

[23]. PPS14 content was determined by quantitative sandwich ELISA in which mAb 44.1

specific for PPS14 was used for both capture and detection.

Quantitation of MSA content

MSA content was determined by ELISA using serial dilutions of beads in PBS, and MSA as

standard. Wells were blocked with 2%BSA and MSA was detected using 0.3µg/ml of

biotinylated goat IgG anti-MSA (Bethyl Laboratories Inc, Montgomery, TX), followed by

detection with alkaline phosphatase-conjugated streptavidin. The content of MSA in PPS14+

[MSA] beads was confirmed by quantitative sandwich ELISA using anti-PPS14 mAb 44.1

for capture and biotinylated goat IgG anti-MSA for detection.

Flow cytometric detection of PPS14 and MSA attached to latex beads

Beads were incubated overnight at 4°C with unlabeled 44.1 mouse IgG1 mAb and/or 1µg of

biotinylated goat IgG anti-MSA, then washed and incubated for 30min with streptavidin-

FITC and 0.5µg of phycoerthryin-goat anti-mouse IgG.

Mouse immunizations

Mice were immunized i.p. and boosted on day 14. Latex beads were washed in PBS pre-

immunization to remove antigen released during storage. Beads were mixed with 25µg of a

30-mer CpG-containing oligodeoxynucleotide (CpG-ODN) as adjuvant, synthetized at

USUHS [49].

In vivo depletion of CD4+ T cells

Mice received a single 1mg injection of depleting rat IgG anti-mouse CD4 mAb (clone

GK1.5) given 32 hours prior to primary immunization, with polyclonal rat IgG used as

control. Depletion was confirmed using two different anti-CD4 mAbs specific for the same

(clone RM4-5) or a different CD4 epitope (clone RM4-4) than GK1.5

SDS-PAGE and Western blot

Albumins from mouse, bovine and human serum were boiled at 85°C for 2 minutes,

fractionated in pre-casted 4–20% gradient SDS-PAGE (Invitrogen), and stained with

Coomassie G-250 Blue (Invitrogen), Replicate gels were used for Western blot analysis,

using 0.45µm nitrocellulose membranes. Membranes were blocked with 2% OVA in PBS

for 1 hour and incubated overnight with 1/100 dilution of pooled mouse sera diluted in 2%

OVA. Mouse antibodies were detected by incubation with polyclonal goat anti-mouse IgG

(H+L)-HRP (Bio-Rad), followed by colorimetric development using 4-chloronaphtol as

substrate.

Measurement of serum titers of antigen-specific Ig isotypes by ELISA

Serum PPS14− and PspA-specific isotype antibodies were determined by ELISA [29].

ELISA for MSA-specific antibodies, was essentially the same, except for use of 0.5µg/well

of MSA in PBS for coating and 2% OVA for blocking and dilution.
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Inhibition ELISA to quantify serum PPS14-specific Ig expressing the 44.1-Id

The inhibition ELISA for serum content of 44.1-Id+ PPS14-specific IgG1, IgG and IgM, has

been previously described [25]

Determination of serum PPS14-specific IgG avidity

The average avidity of serum PPS14-specific IgG was determined by elution with sodium

thiocyanate (NaSCN) [50], with modifications [25]. Avidities were expressed as avidity

index (AI, the molar concentration of NaSCN eluting 50% of PPS14-specific IgG).

Inhibition ELISA for MSA specificity

Pre-titered serum dilutions in 2%OVA were incubated overnight at 4°C with decreasing

amounts of soluble- or bead-attached MSA. Inhibition mixtures were then transferred into

wells coated with 5µg/ml of MSA and blocked for 2 hours at 37°C with 2% OVA. After

overnight incubation, MSA-bound IgG was detected with polyclonal goat anti-mouse IgG.

Statistics

Data were expressed as geometric mean ± SEM of the individual serum samples.

Significance between groups was determined by the Student's t-test. p values <0.05 were

considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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List of abbreviations

AI Avidity Index

MSA Murine serum albumin; [MSA]-beads, Beads coated with MSA

PPS14 Capsular polysaccharide of Streptococcus pneumoniae type 14

PPS14+[Gly]-beads Beads coated with PPS14 and blocked with glycine

PPS14+[MSA]-beads Beads coated simultaneously with PPS14 and MSA

PPS14-PspA beads Beads coated with PPS14-PspA conjugate vaccine

PspA Pneumococcal surface protein A

TD T cell-dependent

TI T cell-independent
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Figure 1. PPS14 and autologous MSA co-attached to latex beads induce PPS14-specific antibody responses in a T cell-dependent
manner

(A) BALB/c and BALB/c athymic nude mice (n=7), were immunized on days 0 and 14 (arrows) with ≈ 2×108 latex beads,

coated with PPS14 combined with glycine or MSA, in alum+CpG-ODN. Each dose of the corresponding beads was adjusted to

contain approximately 230ng of serologically active PPS14. (B) Female BALB/c mice (n=5) were injected with 1mg of anti-

CD4 mAb (GK1.5) or polyclonal rat IgG2b (control), 32h before injection with 1µg of free PPS14, or 2.2 × 108 PPS14+[MSA]-

beads containing 80ng of PPS14, both admixed only with CpG-ODN. Mice received a secondary immunization 14 days later

with the same antigen in the absence of anti-CD4 mAb or polyclonal rat IgG. Anti-MSA IgM responses are only shown for

Panel A. Panel A and B shown different experiments using different bead preparations. Beads were always washed in PBS prior

to immunization, to remove any antigen leaked free to the supernatant. Serum titers of IgG and IgM specific for PPS14 and

MSA were determined by ELISA. Values are expressed as geometric mean ± SEM. *p < 0.05 (BALB/c versus athymic nude

mice or controls relative to GK1.5 treated mice), #p< 0.05 (titer−1 relative to the previous bleeding of each mouse group);

Student's t-test.
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Figure 2. Secondary PPS14-specific IgG responses to PPS14+[MSA]-beads are highly enriched in the expression of the 44.1-Idiotype
BALB/c mouse sera (n=21) collected 7–14 days after a primary (primary response) or 7 days after a secondary (secondary

response) immunization at day 14 with latex beads coated with the antigen combinations indicated, were analyzed for the

expression of the 44.1-Id in PPS14-specific IgG, IgG1 and IgM by inhibition ELISA. Sera were collected in three independent

experiments. Mice received the primary immunization at day 0 and challenged at day 14. *p< 0.05 (primary relative to

secondary response), #p< 0.05 (each group relative to the responses to PPS14+[PspA]-beads); Student's t-test.
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Figure 3. Average avidity of PPS14-specific IgG responses to PPS14+[MSA]-beads
The average avidity (AI) of PPS14-specific IgG in serum was estimated by elution with sodium thiocyanate (NaSCN). Mice

were immunized at days 0 and 14 with ≈2×108 latex beads containing co-attached 230 ng of PPS14 and 202 ng PspA (PPS14+

[PspA]) or with 42 ng MSA (PPS14+[MSA]) or in the absence of proteins, blocked with an excess of Gly (PPS14+[Gly]). All

beads were admixed with CpG-ODN (without alum added). Sera tested (n=15–17) were from three independent experiments.

Data show the avidity index (AI), as the molar concentration of NaSCN eluting 50% of the total content of PPS14-specific IgG

in the serum sample. *p < 0.05 (titer−1 relative to serum samples from the previous time point of each mouse group), #p < 0.05

(each group relative to the responses to PPS14+[PspA]-beads); Student's t-test.
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Figure 4. MSA-specific IgG and PPS14-specific IgG secondary responses to PPS14+[MSA]-beads are induced only by MSA and/or
PPS14 attached to either micro- or nanobeads; enhancement of responses by CpG-ODN, but not alum

Serum titers of PPS14-specific IgG in BALB/c mice (n=5) immunized at day 0 and 14 with (A) ≈2.2×108 latex beads containing

280ng of PPS14 attached to beads coated with MSA (PPS14+[MSA]) or normal mouse sera (PPS14+[NMS]), previously

collected from the same mice receiving the beads. (B) 2×108 latex beads coated with MSA ([MSA]-beads), 30 ng of free PPS14,

or a mixture of 2×108 [MSA]-beads and 30ng of free PPS14 ([MSA]-beads + free PPS14). (C) ≈2×108 PPS14+[MSA]-beads of

a preparation in which the PPS14 attachment to the bead was not stabilized by reduction with cyanoborohydride and contained

209ng of PPS14 attached and 20ng of free PPS14, after >1year of storage. This preparation was used for immunization after

washings with PBS that reduced the free PPS14 content to <0.8 ng (not stabilized, washed), or directly without washings (not

stabilized, free PPS14), and compared to a preparation in which the Schiff’s bases were reduced with cyanoborohydride

(stabilized, washed). (D) 2×108 0.96 µm in diameter, or 1.46 × 1011 0.15µm in diameter, PPS14+[MSA]-beads containing 200

ng of attached PPS14 (E) 3.5×108 0.96µm in diameter, or 4.5×109 0.15 µm in diameter, PPS14+[MSA]-beads containing 28 ng

of attached PPS14. #p <0.05 (for C and D, primary [day 14] relative to secondary [day 21] responses); Student's t-test. (F) Anti-

MSA IgG in sera of BALB/c mice (n=7) immunized at day 0 and 14 with 2×108 beads coated with 100 ng MSA ([MSA]-beads)

or glycine ([Gly]-beads) combined with 25µg CpG-ODN, or 50µg of purified MSA (free MSA) admixed with 25µg CpG-ODN

and 13µg of alum. A mixture of CpG-ODN and alum (PBS) was used as control. (G) Serum titers of MSA-specific IgG and

PPS14-specific IgG and IgM from BALB/c mice (n=7) immunized at day 0 and 14, with 2×108 PPS14+[MSA]-beads containing

240ng of PPS14 attached to the beads. Beads were admixed for 1 hour at room temperature with 13µg of alum and 25µg CpG-

ODN (alum+CpG-ODN), 25µg CpG-ODN alone (CpG-ODN), 13µg alum alone (alum), or in the same final volume of PBS

(PBS).*p<0.05 (every group relative to mice immunized with PPS14+[MSA]-beads admixed with alum+CpG-ODN). Latex

beads used in all the experiments, except for panel D and E, were 0.96µm in diameter. One of three (panel G), or two (panels A,

D and F) independent experiments is shown.
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Figure 5. Sera from mice immunized with latex beads coated with MSA contain IgG that specifically recognized MSA adsorbed to
solid surfaces

(A) Inhibitory capacity of soluble and particulate forms of MSA. Mouse sera collected 7 days after a secondary immunization

with 2×108 PPS14+[MSA]-beads were incubated overnight at 4°C with 100µg/well of soluble MSA, soluble BSA or 41ng/well

MSA attached to beads, alone ([MSA]-beads) or in combination with PPS14 (PPS14+[MSA]-beads), all of them diluted in

2%OVA. This is the highest number of beads that can be reliably used in the assay. Sera incubated with the same amount of

latex beads coated only with Gly ([Gly]-beads) were used as negative control. 1/20,000 dilutions of biotinylated polyclonal goat

anti-MSA was used as positive control for inhibition. Unbound anti-MSA IgG was detected by ELISA in wells coated with

5µg/ml of MSA, and blocked with 2% OVA. *p <0.05 (relative to group immunized with [Gly]-beads); Student's t-test. Three

independent experiments carried out in duplicate. (B) Purified serum albumins from human (HSA), bovine (BSA) and mouse

(MSA) of two different degrees of purification (95% or 99% purity) were resolved in 4–20% SDS-PAGE Tris-Glycine gradient

gels under non-reducing conditions. The supernatant of a boiled sample of [MSA]-beads is also included. The separated proteins

were stained with Coomassie Blue (protein stain), or transferred to 0.45µm nitrocellulose membranes and detected by incubation

with 1/100 dilution of a pool of five sera collected before immunization (preimmune), or 7 days after a secondary immunization

with PPS14+[MSA]-beads. Immune sera from two independent experiments (Exp1 and Exp 2), using different PPS14+[MSA]-

bead preparations are shown. Bound antibodies were detected with polyclonal goat anti-mouse IgG conjugated to horseradish-

peroxidase followed by 4-chloronaphtol. The location of mouse globulins in the blot, which reacts with the secondary goat anti-

mouse IgG(H+L), is indicated by arrows.
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Figure 6. PPS14-specific IgG responses to PPS14+[MSA]-beads are enhanced by TLR ligand adjuvants, but not alum
BALB/c mice (n=7) were immunized at day 0 and 14, with 2×108 PPS14+[MSA]-beads containing 240ng of PPS14 attached to

the beads. Beads were admixed for 1 hour at room temperature before immunization with 25µg CpG-ODN, 50µg Pam3CSK4

(Pam3Cys) or 20µg synthetic monophosphoryl lipid A (MPL). No alum was added. (A) serum titers of MSA- and PPS14-

specific IgG and IgM. (B) Serum titers of IgG isotypes during the primary (day 14) and secondary (day 21) responses. For

serum titers of anti-MSA IgG, only secondary responses are shown because primary responses were mostly undetectable. One of

two independent experiments is shown. *p < 0.05 (every group relative to mice immunized with PPS14+[MSA]-beads admixed

with CpG-ODN). #p < 0.05 (primary [day 14] versus secondary [day 21] responses); Student's t-test.
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Figure 7. Previous immunity to [MSA] beads, boosts the PPS14-specific IgG responses to PPS14+[MSA]-beads
BALB/c mice (n=7) were pre-immunized with 2×108 beads coated with 37ng MSA ([MSA]-beads), 13 days before the start of

the immunization schedule. Control mice received PBS (naïve). At day 0 and 14 (indicated by arrows), mice were immunized

with 450ng of free PPS14 or ≈108 latex beads coated with, PPS14 and MSA (PPS14+[MSA]-beads), containing 160ng of

PPS14 and 42ng MSA attached to the bead. Beads and free PPS14 were admixed for 1 hour with 25µg CpG-ODN, before

immunization. Free PPS14 also included 13µg of alum. *p < 0.05 (groups preimmunized with [MSA]-beads, relative to naïve

mice); Student's t-test One of two independent experiments is shown.
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