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Abstract

Antibodies, also termed as immunoglobulins (Ig), secreted by differentiated B lymphocytes, plasmablasts/plasma cells, in humoral immunity
provide a formidable defense against invading pathogens via diverse mechanisms. One major goal of vaccination is to induce protective
antigen-specific antibodies to prevent life-threatening infections. Both thymus-dependent (TD) and thymus-independent (TI) antigens can
elicit robust antigen-specific IgM responses and can also induce the production of isotype-switched antibodies (IgG, IgA and IgE) as well as
the generation of memory B cells with the help provided by antigen presenting cells (APCs). Here, we describe a protocol to characterize TD
and TI Ig isotype responses in mice using enzyme-linked immunosorbent assay (ELISA). In this protocol, TD and TI Ig responses are elicited
in mice by intraperitoneal (i.p.) immunization with hapten-conjugated model antigens TNP-KLH (in alum) and TNP-polysaccharide (in PBS),
respectively. To induce TD memory response, a booster immunization of TNP-KLH in alum is given at 3 weeks after the first immunization with
the same antigen/adjuvant. Mouse sera are harvested at different time points before and after immunization. Total serum Ig levels and TNP-
specific antibodies are subsequently quantified using Ig isotype-specific Sandwich and indirect ELISA, respectively. In order to correctly quantify
the serum concentration of each Ig isotype, the samples need to be appropriately diluted to fit within the linear range of the standard curves.
Using this protocol, we have consistently obtained reliable results with high specificity and sensitivity. When used in combination with other
complementary methods such as flow cytometry, in vitro culture of splenic B cells and immunohistochemical staining (IHC), this protocol will
allow researchers to gain a comprehensive understanding of antibody responses in a given experimental setting.

Video Link

The video component of this article can be found at https://www.jove.com/video/57843/

Introduction

B lymphocytes are the principal player in humoral immunity and the only cell type in mammals that are capable of producing antibodies,
also termed as immunoglobulins (Ig)1,2. Antibodies secreted by B cells provide a formidable defense against invading pathogens via diverse
mechanisms including neutralization, opsonization and complement activation, leading to protective immunity3. Secretion of antibodies by B
cells is only achieved after full activation of specific B cells, which normally requires two distinct signals3. Signal 1 is relayed by direct binding
of the antigen (Ag) to the B cell receptor (BCR) expressed on the surface of specific naïve B cells3. Depending on the source of Signal 2, B
cell activation can be divided into thymus-dependent (TD) or thymus-independent (TI)3,4. In a TD antigen response, Signal 2 is provided by
activated cognate CD4 T helper (TH) cells, which express CD154, the ligand for the co-stimulatory receptor CD40 expressed on B cells1,2,3.
In a TI antigen response, Signal 2 comes from either engagement of Toll-like receptors (TLRs in the case of type 1 TI Ag) or extensive cross-
linking of the BCRs (in the case of type 2 TI Ag) on the B cells3,4. Type 1 TI (TI-1) antigens are microbial ligands of TLRs, including bacterial
lipopolysaccharides (LPS), viral RNAs, and microbial CpG DNA4,5. Type 2 TI (TI-2) antigens have highly repetitive structure, and are able
to deliver prolonged and persistent signaling to the B cell by multiple cross-linking of the BCRs4,6. Typical examples of TI-2 antigens include
pneumococcal polysaccharides and hapten-conjugated polysaccharide6,7. Both TD and TI antigens can elicit robust antigen-specific IgM
responses and can also induce the production of isotype-switched antibodies (IgG, IgA and IgE) with the help provided by antigen presenting
cells (APCs) such as dendritic cells (DCs)1,2,3. Furthermore, both TD and TI antigens are able to induce memory responses with the help of
APCs, but TD antigens are more efficient at inducing memory B cell generation3,8.

In this protocol, TD and TI Ig responses are elicited in mice by intraperitoneal (i.p.) immunization with hapten-conjugated model antigens 2,4,6-
trinitrophenyl-keyhole limpet hemocyanin (TNP-KLH) and TNP-polysaccharide (neutral, highly branched and high-mass), respectively9,10,11. TD
antigens are usually used with an adjuvant to enhance the production of antibodies12. Here in our protocol, TNP-KLH is injected with alum, a
commonly used adjuvant in immunization studies12. Other examples of adjuvants that can be used include complete or incomplete Freund's
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adjuvant (CFA or IFA), monophosphoryl-lipid A/trehalose dicorynomycolate ("Ribi" adjuvant), and CpG oligodeoxynucleotides, etc.13,14. After
immunization, mouse sera are harvested at different time points and TNP-specific antibodies in sera are quantified using Ig isotype-specific
enzyme-linked immunosorbent assay (ELISA)9,10,11.

ELISA is a plate-based assay that is widely used as a diagnostic tool in medicine and also as an analytical tool in biomedical research15,16.
It is used to detect and quantify analytes including antibodies, hormones, cytokines, chemokines, and various antigens, etc. ELISA can be
performed in several different formats, including direct, indirect, sandwich and competitive ELISA15,16. In general, it involves the immobilization
of the antigen to a solid surface, usually a 96-well microtiter plate, which is incubated with a primary antibody. After incubation, the unbound
antibody is washed away. In a direct ELISA, the primary antibody is directly conjugated to an enzyme (typically horseradish peroxidase or
alkaline phosphatase), which can cleave a chromogenic substrate to yield a visible color change detected by a signal-detection instrument such
as a spectrophotometer15,16. In contrast, if an enzyme-linked secondary antibody is used to bind the primary antibody, then this is considered
as an indirect ELISA15,16. Direct ELISA is faster whereas indirect ELISA is more sensitive15,16. In a sandwich ELISA, the plates are coated
with a "capture" antibody used to immobilize the antigen of interest in the samples, and then the captured antigen can be detected by another
"detection" antibody in a direct or indirect manner15,16. Sandwich ELISA offers high specificity since the antigen is detected by two different
antibodies of the antigen. In a competitive ELISA, the competition is established between the sample antigen and the plate-bound antigen
for binding to the primary antibody, and then the antigen concentration in sample is quantified by measuring the reduction in signal from the
substrate15,16. Competitive ELISA can be performed using the above mentioned direct or indirect format and is useful for the detection of small
antigens with only one epitope15,16.

Alternative techniques for the measurement of antibodies include radio-immunoassay (RIA), electrochemiluminescence (ECL) assay and surface
plasmon resonance (SPR) assay17. RIA was the first immunoassay developed that measures the presence of an antigen (or antibody) with
high specificity and sensitivity using radiolabeled reagents18,19. However, due to the concerns of radioactive toxicity, disposal costs, shelf-life
and special licenses to work with radioactive materials, ELISA is a better and more convenient technique for common uses20,21. ECL is a highly
sensitive assay in which chemiluminescent reactions are initiated using electricity to generate highly reactive species from stable precursors
on the surface of an electrode, and can be used to measure the amount of analytes (such as antigens or antibodies)22. However, ECL requires
a special instrument and thus is not as broadly used as ELISA23. SPR is a direct assay that can be used to measure the binding of ligands
(e.g., antibodies) to immobilized molecules (e.g., antigens) on a sensor chip surface24. SPR detects the interactions in real time very specifically
and does not require the use of labelled reagents as in ELISA. However, SPR also requires a special equipment and has lower sensitivity than
ELISA17. Given the limitations of the alternative methods, ELISA is the most suitable and convenient technique for our purpose in this protocol.
Here, we describe the use of sandwich ELISA for the analysis of total Ig isotype levels and the procedures of indirect ELISA for the analysis of
antigen-specific Ig isotypes.

Protocol

This protocol follows the guidelines of institutional animal research ethics committee of Rutgers University. All mice are used in accordance with
NIH guidelines and under an animal protocol approved by the Institutional Animal Care and Use Committee.

1. Preparation of Mice and Collection of Naïve Mouse Sera

1. Keep all mice for immunization experiments in a specific pathogen-free animal facility.
2. Use gender-matched, young adult (8–12 weeks old) knockout and littermate control mice that share the same parents and cages for

immunization studies.
3. Plan the immunization and serum collection schedules as depicted in Figure 1.
4. Harvest naïve serum of each mouse at 7 days (-7 days) before immunization. Follow the retro-orbital bleeding and serum preparation

procedures as detailed below in step 4.

2. Preparation of TNP-polysaccharide (a TI Antigen) and TNP-KLH (a TD Antigen)

1. Dissolve the antigen powders in sterile PBS (pH 7.4) thoroughly to make 0.5 mg/mL of TNP-polysaccharide stock and 1 mg/mL of TNP-KLH
stock solutions. Aliquot each antigen stock solution into sterile microfuge tubes at 0.5 mL/tube, and keep the aliquots at -80 °C for long-term
storage. Avoid multiple freeze and thaw of the antigen aliquots.

2. On the injection day, calculate the volume of TNP-polysaccharide (50 µg/100 µL/mouse) or TNP-KLH (100 µg/100 µL/mouse) needed
according to the number of mice to be injected. Thaw appropriate number of TNP-polysaccharide or TNP-KLH aliquots at room temperature
(RT).

3. For TNP-KLH injection, first dilute the alum adjuvant (40 mg/mL) with 3 volumes of sterile PBS to a final concentration of 10 mg/mL. Make
sure that the alum adjuvant mixture is well-suspended before dilution.

4. Combine equal volume of 10 mg/mL alum adjuvant slurry from step 2.3 and the thawed TNP-KLH solution (1 mg/mL) into a 5 mL
polypropylene tube, mix well, and incubate at 37 °C for 30 min. Prepare this TNP-KLH/alum mix freshly prior to the injection.

3. Immunization of Mice

1. Perform intraperitoneal (i.p.) injection of TNP-polysaccharide or TNP-KLH/alum to immunize the mice with 1 mL insulin syringes in a biosafety
cabinet. Insert the needle at approximately 30° angle preferably in the lower right quadrant of each mouse to prevent injection into the internal
organs.

2. Inject i.p. 100 µL of TNP-polysaccharide per mouse on day 0 for TI Ag immunization (Figure 1A).
3. Inject i.p. 200 µL of the TNP-KLH/alum mix (freshly prepared in step 2.4) per mouse on day 0 for TD Ag immunization. Repeat the same

injection on day 21 as a booster immunization for memory studies (Figure 1B).
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4. After the injection, return each mouse to its cage and keep all the injected mice in specific pathogen-free condition.

4. Retro-orbital Bleeding and Serum Preparation

1. Harvest mouse sera at different time points: for TNP-polysaccharide immunization, collect mouse sera on day -7 and 7 (Figure 1A); for TNP-
KLH/alum immunization, collect mouse sera on day -7, 7, 14 and 28 (Figure 1B).

2. For Retro-orbital bleeding, anesthetize each mouse with 5% isoflurane for 1–2 min in a biosafety cabinet25. Perform pedal reflex to ensure
adequate anesthesia of each mouse.

3. Hold the anesthetized mouse in one hand with the forefinger and thumb pulling the skin around the eyeball back so that the eyeball protrudes
out of the socket25. Insert a non-heparinized Pasteur pipette or capillary tube at an angle of 45° into the inner corner of the eye socket
underneath the eyeball25.

4. Apply gentle downward pressure and rotate the pipette or tube gently to break into the vein and collect 150–200 µL of blood in the pipette or
tube. Immediately transfer the blood to a sterile 1.5 mL microfuge tube and return the mouse to its cage to recover.

5. Let the blood samples sit at RT for 1–2 h to coagulate.
6. Centrifuge the coagulated blood samples at 13,000 x g for 10 min at 4 °C. Transfer the clear serum on top of the blood clot to a new sterile

1.5 mL microfuge tube.
7. Repeat step 4.6 one more time to remove residual blood clot and collect the clear serum.
8. Aliquot the serum into sterile 1.5 mL microfuge tubes at 50 µL/tube, and store the sera at -80 °C.
9. Alternate the eye for bleeding at different time points so that each eye is bled at most twice for the whole experiment. At the terminal

bleeding, collect up to 1 mL of blood from each mouse before euthanasia. Euthanize the mouse with 5% CO2 followed by cervical dislocation.
 

NOTE: Splenic B cells can be harvested for flow cytometric analyses and in vitro culture studies. We also prepare genomic DNA from
splenocytes to verify the genotype of each mouse.

5. Mouse Ig Isotype-specific ELISA

1. Prepare the buffers and solutions before ELISA.
1. Prepare 500 mL of Coupling Buffer (PBS, pH 7.4).
2. Prepare 500 mL of Wash Solution (PBS-T (0.05% Tween 20), pH 7.4).
3. Prepare 100 mL of Blocking Buffer (1% BSA in PBS, pH 7.4, stored at 4 °C).
4. Prepare 1 L of Substrate Buffer (1 M diethanolamine, pH 9.8 (97 mL of diethanolamine in 1 L of H2O, pH adjusted using 10 M HCl) and

0.5 mM MgCl2). Protect the Substrate Buffer from light by wrapping the bottle with aluminum foil. Store at 4 °C.
5. Prepare 100 mL of Stop solution (3 M NaOH).

2. Coat the ELISA plates:
1. For total serum Ig isotype ELISA, coat 96-well immuno plates with 10 µg/mL of isotype-specific capturing polyclonal goat anti-mouse Ig

(M, G1, G2a, G2b, G3, A, or E) Abs in Coupling Buffer (PBS) at 100 µL/well.
2. For TNP-specific Ig isotype ELISA, coat 96-well immuno plates with 10 µg/mL of TNP(38)-BSA in PBS at 100 µL/well.
3. For high affinity TNP-specific Ig isotype ELISA, coat 96-well immuno plates with 10 µg/mL of TNP(3)-BSA in PBS at 100 µL/well26.

Incubate the plates at 4 °C overnight.

3. After coating incubation, wash the plates 2 times with 200 µL/well of PBS-T. Discard the Wash Buffer and blot dry the plates (tap each plate
upside down on a stack of paper towels) after each wash.

4. Block the plates: add 200 µL/well of Blocking Buffer (1% BSA in PBS) into the coated plates, and incubate the plates for 1 h at RT.
5. While the plates are blocking, prepare dilutions of Ig isotype standards and serum samples in Blocking Buffer in a separate,

untreated 96-well plate at 150 µL/well.
1. Prepare 250 ng/mL Ig isotype standards as the starting standard concentration (St01) and make 7 to 10 of 1:2 serial dilutions of the Ig

standards (St02 to St07 or St10, Figure 2A).
2. Prepare mouse serum samples at a 1:100 or 1:500 dilution factor as the starting dilution and make 3 or 4 of 1:10 serial dilutions for

total Ig isotype or 1:5 serial dilutions for TNP-specific Ig isotype of each serum sample (Figure 2A). For IgE ELISA, prepare mouse
serum samples at a 1:2 dilution factor as the starting dilution, and make 3 of 1:5 serial dilutions of each serum sample.

6. After blocking, wash the plates from step 5.4 three times with 200 µL/well of PBS-T and blot dry the plates after each wash.
7. Transfer 100 µL/well of diluted Ig isotype standards (appropriate for the capture and detection Abs) and diluted serum samples from step 5.5

to the plates prepared in step 5.6. Incubate the plates with the standards and samples at 4 °C overnight.
8. Wash the plates 3 times with 200 µL/well of PBS-T and blot dry the plates after each wash.
9. In each plate, add 100 µL/well of 10 µg/mL of an appropriate alkaline phosphatase (AP)-conjugated isotype-specific goat anti-mouse Ig (M,

G1, G2a, G2b, G3, A, or E) Abs diluted in Blocking Buffer.
10. Incubate the plates with AP-conjugated Abs for 1 - 2 h at RT. For IgE detection, incubate the plates for 1–2 h at 37 °C.
11. Prepare 1 mg/mL of Substrate Solution by dissolving two tablets of 5 mg phosphatase substrate in 10 mL of Substrate Buffer.
12. Wash each plate 5 times with 200 µL/well of PBS-T and blot dry the plates after each wash.
13. Add 100 µL/well of Substrate Solution into each plate. Allow the reaction to develop at RT, which usually takes only a few minutes.
14. Read each plate at 405 nm using a microplate reader with its associated software.

1. Click "Settings" to set the wavelengths "Lm1" at "405 nm" and click "OK".
2. Click "Template" to assign "Blank" wells, "Standards" wells and "Unknown" wells according to the 96-well plate setup.
3. For "Standards" wells, click "Series" to set the "First Sample" as "St01", select "Start From" at "Top", and set "Replicates" as "2". Check

"Sample Descriptor" and input "Standard Value": select "Units" as "ng/mL", set "Starting value" as "250", set "Step by" as "2". Click
"OK".

4. Click "Read" to read the plate when the most concentrated standard reaches an optical density (OD) of ~1.
5. Click the "File" menu and click "Save" to save the file.
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6. Click "Read" to read the plate again when the most concentrated standard approaches OD405 of ~1.5, 2, and 2.5, respectively.

15. Stop the reaction by adding 25 µL/well of 3M NaOH. Complete steps 5.12 to 5.15 for one plate at a time.
16. Analyze ELISA data using the software associated with the microplate reader:

1. Check the OD405 values of the Ig isotype standards of read files and select an appropriate reading with good linear range of the
standards for detailed data analysis.

2. Select the 4-Parameter fitting program to plot standard curves. Check the co-efficient of the standard curve (R2), which is required to be
> 0.98 to ensure good data quality.

3. Check whether the OD405 values of each sample decrease with increasing dilution factors. Retrieve the concentration of all diluted
sample wells by clicking "Unknowns".

4. Select an appropriate well of each sample with OD405 in the linear range of the Ig isotype standard curve for concentration calculation.
5. Calculate the serum Ig isotype concentration of each sample using the formula: serum Ig concentration = selected well concentration x

dilution factor.

17. Plot graphs and perform statistical analyses using an appropriate software9,10,11. Make vertical scatter plots of serum Ig isotype levels to
compare the Ig responses at the same time point. For TD memory response studies, make the time-course response curves to examine the
Ig isotype responses before and after the booster immunization. Use error bars to show standard deviation (SD) of each group of samples.
To compare Ig isotype responses between two genotypes of mice, use the unpaired t test for two-tailed data to determine the statistical
significance. Set the p value < 0.05 as significantly different.

Representative Results

We have used this protocol to investigate the roles of a critical regulator of the immune system, TRAF3, in TI and TD Ig isotype responses9,10,11.
TRAF3 directly or indirectly regulates the signal transduction of a number of innate and adaptive immune receptors, including the TNF receptor
superfamily, Toll-like receptors and T cell receptor/CD28, among others27,28. We hypothesize that TRAF3 plays distinct roles in different immune
cell subsets to regulate antibody responses. To test this hypothesis, we determined TI and TD Ig isotype responses using conditional TRAF3
knockout mice that have the Traf3 gene specifically deleted in B cells, T cells, or myeloid cells, respectively9,10,11. Representative immunization
and serum collection schedules for TI and TD Ig studies are depicted in Figure 1. Representative IgG1 and IgG2b ELISA results are shown in
Figure 2 and Figure 3 to illustrate how ELISA works. These include the plate setup of diluted standards and samples (Figure 2A), an image of
the plate after the addition of the AP substrate (Figure 2B), the read results of OD405 (Figure 2C, 2D), the values of standard dilutions (Figure
2E, 2F), the standard curves (Figure 3A, 3B), the values of diluted samples (Figure 3C, 3D), and the calculation of serum IgG1 and IgG2b
concentrations in the samples (Figure 3E, 3F). Figure 4 shows representative results of total Ig isotypes in sera of naïve mice. We demonstrated
statistically increased basal serum levels of IgM, IgG2a, IgG2b, IgG3 and IgA in B cell-specific TRAF3-/- (B-TRAF3-/-) mice as compared to
gender- and age-matched TRAF3-sufficient littermate control mice (LMC). This hyperglobulinemia of B-TRAF3-/- mice is caused by the expanded
B cell compartment in peripheral lymphoid organs due to prolonged survival of mature TRAF3-/- B cells9. Figure 5 shows the representative
results of TI and TD Ig isotype responses of mice to immunization with TNP-polysaccharide and TNP-KLH, respectively. These results revealed
a significantly higher TI, TNP-specific IgG3 level and also elevated TD, TNP-specific IgG2b levels in myeloid cell-specific TRAF3-/- (M-TRAF3-/-)
mice than in LMC. Such increased TI IgG3 and TD IgG2b responses observed in M-TRAF3-/- mice are likely due to increased production of the
pro-inflammatory cytokines IL-6 and IL-12 by TRAF3-/- macrophages and DCs following immunization11. Figure 6 shows the representative
results of TD primary and memory responses of mice to TNP-KLH immunization. These results demonstrated partially decreased TD IgM
primary response and defective IgG1 primary and memory responses in T cell-specific TRAF3-/- (T-TRAF3-/-) mice. The defective TD primary and
memory responses of T-TRAF3-/- mice result from impaired activation of TRAF3-/- CD4 T cells upon T cell receptor and CD28 co-engagement10.
Taken together, the protocol described in this article allowed us to delineate the specific roles of TRAF3 in different immune cell subsets in
regulating TI and TD Ig isotype responses in mice.

 

Figure 1: Typical TI and TD Ag immunization and serum collection schedules. (A) TNP-polysaccharide experiments. (B) TNP-KLH
experiments. Please click here to view a larger version of this figure.
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Figure 2: Representative IgG1 and IgG2b ELISA. (A) The 96-well plate setup includes the wells of blank, 7 serial dilutions (1:2) of mouse IgG1
and IgG2b standards (St01 to St07), and 4 serial dilutions (at 1:10) of the 8 mouse serum samples (S1 to S8). The concentration of standards
is given at the bottom of each standard well. The dilution factor of the samples is given at the bottom of each sample well. (B) An image of the
plate at 5 min after the addition of the AP substrate. The plate read results of IgG1 (C) and IgG2b (D) at 405 nm. The values of OD405 and
concentrations of different dilutions of mouse IgG1 (E) and mouse IgG2b (F) standards. Conc, concentration; BackCalcConc, back calculated
concentration; OD, optical density; AvgOD, average OD of the replicates; SD, standard deviation; CV, coefficient of variation. Please click here to
view a larger version of this figure.
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Figure 3: Representative IgG1 and IgG2b ELISA data analysis. The standard curves of IgG1 (A) and IgG2b (B). The co-efficient R2 is > 0.98
in both standard curves. Arrows indicate the linear range of the standard curves. Values of OD405 and concentrations of IgG1 (C) and IgG2b (D)
in Unknowns (diluted serum samples). R, range; Conc, concentration. Calculation of mouse serum concentrations of IgG1 (E) and mouse IgG2b
(F) for the 8 samples. ND, not detectable by this ELISA. Please click here to view a larger version of this figure.

 

Figure 4: Representative results of total Ig isotypes in sera of naïve mice. Sera were collected from gender-matched, 10-12 weeks old naive
LMC and B-TRAF3-/- mice (n = 10 for each genotype; genetic background: 129xC57BL/6). Basal serum levels of total IgM, IgG1, IgG2a, IgG2b,
IgG3, IgA and IgE were determined by ELISA. Statistical significance was determined with the unpaired t test for two-tailed data. *, significantly
different between LMC and B-TRAF3-/- mice (p < 0.05); **, very significantly different between LMC and B-TRAF3-/- mice (p < 0.01). This figure
has been modified from Xie et al.9. Please click here to view a larger version of this figure.
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Figure 5: Representative results of TI and TD Ig isotype responses to TNP-polysaccharide and TNP-KLH immunization, respectively.
Gender-matched, 8-12 weeks old LMC and M-TRAF3-/- mice (genetic background: C57BL/6) were immunized with 50 µg of the TI Ag TNP-
polysaccharide (top panel, n = 9 for each genotype) or 100 µg of the TD Ag TNP-KLH mixed with alum (bottom panel, n = 12 for each genotype).
Sera were collected on day 7 after immunization. Serum titers of anti-TNP IgM, IgG1, IgG2b, IgG3, IgA and IgE were analyzed by ELISA.
Statistical significance was analyzed with the unpaired t test for two-tailed data. *, significantly different between LMC and M-TRAF3-/- mice (p <
0.05). This figure has been modified from Lalani et al.11. Please click here to view a larger version of this figure.

 

Figure 6: Representative results of TD primary and memory Ig responses to TNP-KLH immunization. Gender-matched, 8-10 weeks
old LMC and T-TRAF3-/- mice (n = 10 for each genotype; genetic background: 129xC57BL/6) were immunized with 100 µg of the TD Ag TNP-
KLH mixed with alum on day 0. Each mouse also received a booster immunization with the same Ag and adjuvant on day 21 after the first
immunization. Serum samples were collected from mice on day -7, 7, 14 and 28, respectively. TNP-specific IgM and IgG1 levels in serum
samples were measured by ELISA. Graphs depict the results of 10 pairs of LMC and T-TRAF3-/- mice (mean ± SD). Statistical significance was
analyzed with the unpaired t test for two-tailed data. *, significantly different between LMC and T-TRAF3-/- mice (p < 0.05); **, very significantly
different between LMC and T-TRAF3-/- mice (p < 0.01); ***, highly significantly different between LMC and T-TRAF3-/- mice (p < 0.001). This
figure has been modified from Xie et al.10. Please click here to view a larger version of this figure.

Discussion

Here, we describe the protocol for the characterization of TD and TI Ig isotype responses in mice using ELISA. Successful implementation of this
protocol requires the use of materials specified in Table 1, including ELISA assay plates, immunization Ags, mouse Ig isotype-specific antibodies
and standards. Care should be taken to avoid using tissue culture treated plates for ELISA. Dilutions of the standards and serum samples should
be done in separate untreated plates (round-bottom) and then added into the ELISA plates. Using this protocol, we have consistently obtained
reliable results with high specificity and sensitivity.

Critical steps within this protocol include Ag immunization, retro-orbital bleeding, and Ig isotype-specific ELISA. For TD Ag immunization, TNP-
KLH/alum mix should be thoroughly resuspended to ensure that correct amount of Ag/adjuvant is injected. If blood clots in the pipet or capillary
tube during retro-orbital bleeding, immediately change to a new pipet or capillary tube. Buffers and reagents used in ELISA should be clear
solutions and should not contain precipitates, which may give false positive results with abnormal OD405 values. In addition, bubbles should
be avoided in the wells at all ELISA steps, which may also give false positive or false negative results with abnormal OD405 values. These
occasional errors can be minimized by analyzing samples in duplicates. Washing steps in ELISA remove the unbound reagents and antibodies
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from the wells. Insufficient washing causes high background noise, but excessive washing may lead to a decrease in sensitivity by removing
coated antigens or bound antibodies29. The numbers of wash times described in this ELISA protocol are optimized based on our experience.

It should be noted that ELISA has detection limits, which are usually defined by the linear range of the standard curves. In order to correctly
quantify the serum concentration of each Ig isotype, the samples need to be appropriately diluted to fit within the linear range of the standard
curves. We recommend testing serial dilutions of the samples to select the appropriate dilution factors for the calculation of Ig concentration as
described in this protocol. However, if the results show that the dilution factors tested do not give results in the linear range of the standard curve,
additional ELISA need to be performed using dilution factors adjusted according to the initial ELISA results. If all the dilutions tested are below
the lower detection limit, original serum samples and smaller dilution factors need to be used. If OD405 values do not show proportional decrease
with increasing dilution factor for all serial dilutions tested, this indicates that the capture Ab or coating Ag is saturated by all diluted samples and
further higher dilution factors need to be used. Following this protocol, conclusive results will be obtained with at most 2 rounds of ELISA.

Factors that are known to influence antibody responses in mice include the strain (genetic background), gender, age, diet and animal facility
environment30,31,32,33,34. For example, although many mouse strains produce IgG2a, certain strains such as C57BL/6 mice do not produce IgG2a
but produce IgG2c instead35,36. Recent evidence also identifies commensal microbiota as a factor affecting antibody responses37,38,39,40. Taken
these factors into consideration, we recommend the use of gender-matched, young adult littermates of different genotypes that share the same
parents and cages for TD and TI Ag immunization experiments. In addition, mouse to mouse variation is frequently observed for mice of the
same genotype (Figure 4-6), sufficient replicate numbers (typically, n > 8) of mice are needed for each genotype or group to obtain statistically
meaningful results.

The Ig isotype-specific ELISA is useful in determining the titers of different Ig isotypes. However, this method alone is not sufficient to reveal
the underlying causes of observed differences in Ig isotype titers, and therefore is often used in combination with a variety of complementary
approaches. To differentiate whether the difference in Ig isotype titers is caused by different numbers of Ig-producing B cells or different
efficiency of B cells at Ig production, flow cytometry41,42,43 and Enzyme-Linked ImmunoSpot (ELISPOT)43,44,45 can be used. To analyze B
cell survival, proliferation and germinal center formation, alternative methods include flow cytometry, in vitro culture of splenic B cells, and
immunohistochemical staining followed by microscopy9,26,41,46,47. To elucidate the changes in Ig isotype switching responses in B cells, in vitro
culture of splenic B cells and quantitative RT-PCR of germline transcripts of Ig heavy chain gene segments are commonly used41,43,48,49. To
investigate the cause of differences in affinity maturation, somatic hypermutation (SHM) of the Ig heavy chain gene is determined by sequencing
of the VDJ region50,51,52. To understand differences in memory B cell responses, the frequency and number of different memory B cell subsets
after Ag immunization can be analyzed by flow cytometry using recently identified markers of mouse memory B cells, including CD38, CD80,
CD73, PD-L2, CD62L and CCR68,53,54,55. Together, these complementary methods used in combination with the current protocol will allow
researchers to gain a comprehensive understanding of antibody responses in a given experimental setting.
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