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Human VH4-34 antibodies
derived from B1 cells are more
frequently autoreactive than
VH4-34 antibodies derived
from memory cells

Michelle E. Ray and Thomas L. Rothstein*

Center for Immunobiology and Department of Investigative Medicine, Western Michigan University
Homer Stryker M.D. School of Medicine, Kalamazoo, MI, United States
Human B1 cells produce natural antibodies characterized by overutilization of

heavy chain variable region VH4-34 in comparison to other B cell

populations. VH4-34-containing antibodies have been reported to be

autoreactive and to be associated with lupus and other autoimmune

dyscrasias. However, it has been unclear to what extent VH4-34 antibodies

manifest autoreactivity in B1 cells or other B cell populations—in other words,

are VH4-34 containing antibodies autoreactive wherever found, or mainly

within the B1 cell population? To address this issue we sort purified single

human B1 and memory B cells and then amplified, sequenced, cloned and

expressed VH4-34-containing antibodies from 76 individual B cells. Each of

these antibodies was tested for autoreactivity by HEp-2 IFA and autoantigen

ELISA. Antibodies were scored as autoreactive if positive by either assay. We

found VH4-34 antibodies rescued from B1 cells were much more frequently

autoreactive (14/48) than VH4-34 antibodies rescued from memory B cells

(2/28). Among B1 cell antibodies, 4 were HEp-2+, 6 were dsDNA+ and 4 were

positive for both. Considering only HEp-2+ antibodies, again these were

found more frequently among B1 cell VH4-34 antibodies (8/48) than memory

B cell VH4-34 antibodies (1/28). We found autoreactivity was associated with

greater CDR3 length, as expected; however, we found no association

between autoreactivity and a previously described FR1 “hydrophobic patch”.

Our results indicate that autoreactive VH4-34-containing antibodies tend to

reside within the human B1 cell population.
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Introduction

B1 cells constitute a B cell subpopulation that has unique

phenotypic, developmental, and functional characteristics in

comparison to conventional B2 cells. B1 cells spontaneously

secrete natural IgM antibodies without antigenic stimulation

providing a baseline level of protection against foreign pathogens,

unlike their conventional counterparts that adaptively react to

antigen exposure (1–6). B1 cell natural antibodies include

autoantibodies that can act as housekeepers to eliminate

endogenous cellular debris and molecular toxins, ultimately

providing homeostatic balance to the body (7).

The identity of human B1 cells was the subject of much

controversy for a number of years. In mice, B1 cells are known to be

derived from a separate progenitor than B2 cells, resulting in a separate

lineage wherein CD5 expression distinguishes B1 and B2 cells (8, 9).

Initially, this characteristic was carried over to human B1 cell

identification (10). However, it was subsequently reported that the

fraction of human B cells expressing CD5 is remarkably high (15-30%

of circulating B cells) as compared to mouse, and that CD5 is present

on several otherwise well-defined human B cell populations, including

activated, transitional and pre-naïve B cells (11–15). As a result, CD5 is

no longer considered to be a distinctive phenotypic marker for human

B1 cells. To address the nature of human B1 cells, we utilized a reverse-

engineering approach, in which we searched for human B cells that

express key known functional characteristics of mouse B1 cells, chief

among them spontaneous secretion of IgM, as well as strong

stimulation of T cells and evidence of continual activation (16–20).

This approach bore fruit with identification of CD27 and CD43 co-

expression as important markers for human B cells that are

functionally like mouse B1 cells (21, 22). The full phenotypic profile

we defined consists of CD19+CD20+CD27+CD38low/modCD43+

among lymphocytes that are negative for T cell and activation

markers (21–23). A recent report by Teichmann and colleagues

confirmed this profile and showed that human B1 cells emerge early

in development (24).

Beyond promoting homeostasis, autoreactive antibodies may

reflect a critical break in immune system tolerance, and have been

linked to several immune diseases and disorders, such as systemic

lupus erythematosus (SLE) and rheumatoid arthritis (RA) (25).

Autoreactive B cells are typically high producers of antibodies that

have high affinities for self-epitopes (26, 27). In SLE and RA,

autoantibodies present throughout the system react with DNA,

RNA, histone, ribonucleoprotein, and other nuclear and non-

nuclear antigens (28). Examination of autoreactive antibodies in

SLE revealed that the heavy chain gene segment, VH4-34, is often

an element in their composition (29–31). Many VH4-34-containing

antibodies are directed against the I/i antigens of red blood cells,

ssDNA, dsDNA, cardiolipin, bacterial LPS, chromatin, and

rheumatoid factors (32–35). It is believed that VH4-34 is largely

autoreactive without the presence of somatic hypermutation and

often exists in a largely germline-like configuration (36). However,

not all VH4-34-containing antibodies are autoreactive (37).

During study of the human B1 cell antibody repertoire we

repeatedly found overutilization of VH4-34 in comparison to the

antibodies produced by circulating memory B cells, pre-
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plasmablasts and plasmablasts (23, 38). Inasmuch as B1 cells

often express autoreactive antibodies, we questioned whether B

cells expressing VH4-34-containing antibodies that are autoreactive

would all segregate to the B1 cell population, or whether a similar

fraction of VH4-34 antibody-expressing B cells would be found to

be autoreactive in every B cell population. To elucidate the answer

to this question, we isolated peripheral blood mononuclear cells

(PBMC) from healthy human donors, sorted individual B1 and

memory B cells, single cell PCR amplified VH4-34+ antibodies,

then cloned, expressed and purified these antibodies. The

monoclonal antibodies produced were then tested against a series

of antigens via ELISA and HEp-2 staining to determine the degree

to which autoreactive vs non-autoreactive VH4-34-containing

antibodies were found within the human B1 vs B2 cell

populations. We found that B1 cells express more autoreactive

VH4-34 antibodies than do conventional memory B cells,

suggesting that autoreactivity is an intrinsic characteristic of the

B1 cell repertoire.
Materials and methods

Donors and samples

Peripheral blood samples were collected at Western Michigan

University Homer Stryker M.D. School of Medicine from healthy

donors by venipuncture after informed consent was obtained, in

accordance with a Western Michigan University Homer Stryker

M.D. School of Medicine Institutional Review Board-approved

protocol. De-identified samples were delivered to the lab where

the blood was processed immediately.
Blood sample processing

Peripheral blood mononuclear cells (PBMCs) were obtained

through density gradient separation using Lymphocyte Separation

Medium (Corning). The PBMCs were washed with standard wash

medium (RPMI with penicillin/streptomycin and L-glutamine),

and cell number and viability were determined with an

automated cell counter (Digital Bio ADAM).
B cell enrichment

B cells were enriched by magnetic bead selection using the

EasySep™ Human CD19 Positive Selection Kit II (StemCell

Technologies) according to the manufacturer’s instructions.
Cell sorting

CD19+ cells were blocked with normal mouse serum (NMS)

then stained with an antibody master mix to ensure consistent

staining. The antibody staining cocktail was freshly prepared using

optimized antibody concentrations consisting of anti-CD3-BV605
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(Clone HIT3a; BD Biosciences 564712), anti-CD4-BV605 (Clone

SK3; BD Biosciences 565998), anti-CD19-APC-Alexa700 (Clone J3-

119; Beckman Coulter A78837), anti-CD20-Pacific Blue (Clone

B9E9; Beckman Coulter A74777), anti-CD27-PE (Clone M- T271;

BD Biosciences 557330), anti-CD38-PC5.5 (Clone LS198-4-3;

Beckman Coulter A70205), anti-CD43-FITC (Clone DFT1;

Beckman Coulter IM3264U), and Aqua LIVE/DEADTM viability

stain. Stained cells were resuspended at a final concentration of 10 x

106 cells/mL, and memory B cells and B1 cells were sorted on a BD

Influx cell sorter.
cDNA synthesis

Single B1 and memory B cells were sorted into individual wells of

96 well plates containing 20 µL/well of ice-cold lysis buffer (0.3125%

IgePAL, 40 U/µL RNaseOut, 1 mg/mL carrier RNA, 0.0625 M DTT,

and 5x First Strand/RT III Buffer). cDNA was synthesized in the

original plate with a final volume of 24.25 µL using SuperScript III RT

(200 U/µL), random hexamers (50 µM), dNTP mix (10 mM). Reverse

transcription (RT) reaction occurred at 42°C for 10 mins, 25°C for 10

mins, 50°C for 10 mins, 94°C for 5 mins, after which products were

immediately used or frozen at -20°C.
Single cell RT-PCR and gene amplification

A master mix of 10x PCR buffer, 10 mM dNTP mix,

HotStarTaq Plus, PCR grade water, 25 mM of chain-specific

forward primer(s), and 25 mM of chain-specific reverse primer(s)

was prepared on ice for the first round of semi-nested PCR. At the

same time, the cDNA was concurrently thawed on ice if it was

frozen. A volume of 23.75 mL of the master mix was added to each

well of a new 96 well plate on ice, and 1.25 mL of cDNA was then

added to the plate. Reverse transcription (RT) protocols and

primers were adapted from Tiller et al. (39). IgH was amplified

via two rounds of nested PCR and sequenced using the VH4-34

primer. To examine VH4-34-containing antibodies, a VH4-34

primer was used as a forward primer instead of the originally

published 13-primer mix (39), after determining through a series of

experiments that only using the one primer would not skew the

number of VH4-34 amplifications that occurred, thereby

streamlining the process.

Igk amplification required an additional series of steps that

differed from IgH and Igl amplification to add proper restriction

enzyme-specific cut sites during amplification. After the initial

second round of semi-nested PCR with PanVK as the forward

primer, the samples were sequenced using the PanVK primer and

reamplified using newly aligned primers.
Vector cloning

The amplified samples were purified using the Takara PCR/Gel

purification kit and double digested with their respective restriction

enzymes for 2 hours at 37°C with a 20-minute inactivation at 65°C.
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The heavy chain samples and AbVec2.0-IGHG1 vector were

digested with Agel-HF and Sall-HF. Igk and AbVec1.1-IGKC

vector were digested with Agel-HF and BsiWi-HF. Igl and

AbVec1.1-IGLC2-Xhol vector were digested with Agel-HF

and Xhol.

Digested samples and plasmids were purified via gel

electrophoresis in 1% agarose gels. The samples were excised

from the gels and purified using the Takara PCR/Gel purification

kit. Purified digested samples and vectors were ligated using the

Takara ligation system. Vector (20 ng) and insert (16 ng) were

incubated together at 65°C for 2 minutes. The solution was cooled

to 4°C on ice, and then the Takara solution was added. Afterward,

the temperature was raised, and the samples were then ligated for 2

hours at 16°C.

OneShot competent E. coli cells were transformed with ligated

samples via heat shock. 2 mL of ligation mix was added to 20 mL of

E. coli cells and left on ice for 30 minutes. The samples were heat-

shocked at 42°C for 30 seconds using a water bath and then

immediately placed on ice again for at least 5 minutes. SOC

medium (180 mL) was added to the samples, and they were

horizontally shaken at 37°C in a Thermo Scientific MaxQ 8000

Shaker at 225 rpm for exactly 1 hour. Sample (200 mL) was spread
on warm agar plates containing ampicillin to ensure only

transformed cells grew, and the plates were placed, inverted,

overnight in an incubator at 37°C.

Plasmid DNA was recovered from the bacterial pellet using the

Qiagen MIDI prep kit. The OD A260/280 nm was measured to

obtain the DNA concentration of the samples via the BioTek

EPOCH 2 Plate Reader. The purified plasmid DNA was

sequenced to ensure the correct orientation of the insert in the

vector and to ensure the presence of VH4-34 in the heavy chain

plasmids by using the SP6 universal primer from Genewiz.
Transfection

Human embryonic kidney cell (HEK293T) cultures were

prepared in advance for transfections. Cells were grown in

complete DMEM (Dulbecco’s Modified Eagle Medium) 1x (with

phenol red) with 4.5 g/L glucose, L-glutamine, and sodium pyruvate

(Corning, 10-013-CV) supplemented with 10% heat-inactivated

and filtered Fetal Bovine Serum (FBS) and 1x penicillin/

streptomycin in 10 cm Falcon Tissue Culture-Treated Dishes.

Transfection medium consisted of phenol red-free and

antibiotic-free DMEM supplemented with 4% FBS to efficiently

purify the collected supernatant via the Bio-Rad Fast Protein Liquid

Chromatography NGS system (FPLC). Cells were plated at 100,000

cells/cm2 (approximately 1.5 x 106 cells/mL) to prevent the cells

from becoming overconfluent the following day.

On the day of transfection, cells were observed under a

microscope to ensure proper growth and health before

transfection. Cells were co-transfected with IgH (heavy chain)

and IgL (light chain) chain-specific plasmids using Lipofectamine

3000 following the manufacturer’s protocols for optimal

transfection efficiency. Transfected plates were carefully placed in

the incubator with 5% CO2 at 37°C. The first supernatant collection
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occurred two days post-transfection (day 3 of the procedure) and

collection continued every two days until either the cells died, or 11

days post-transfection transpired. The supernatant was removed

and filtered with a 0.22-micron filter. The transfection medium was

carefully replaced, and the plates were placed back into the CO2

incubator between each collection. The collected supernatant from

each day was pooled into one 50 mL falcon tube per sample and

kept at 4°C until all collections were completed.

Additional transfections were carried out using ExpiHEK

suspension cultures (ThermoFisher A14635) according to the

manufacturer ’s protocols and treated the same way for

downstream purification.
Concentrating the samples

The collected supernatant was placed in dialysis tubing with a

10kDa MWCO and covered with polyethylene glycol (PEG) 20,000.

The samples were left in the PEG until approximately 10 mL of the

sample was remaining and then removed from the tubing using a

needle and syringe and stored in the syringe sealed with parafilm at

4°C until purified (no longer than two days).
Sample purification

Samples were purified via FPLC and a Bio-Rad Bio-Scale Mini

UNOsphere SUPrA Cartridge protein A column with 0.02 M

sodium phosphate pH 7.5 as the wash buffer and 0.1 M glycine

pH 2.5 as the elution buffer. Purified samples were collected in test

tubes containing 100 mL of 1.0 M TRIS pH 8.8 with the Bio-Rad

NGC Fraction Collector attached to the FPLC system. The fractions

containing the purified antibodies were placed in a Thermo

Scientific Slide-A-Lyzer Dialysis Cassette G2 (Prod# 87735) and

put in a container filled with excess 1x PBS overnight at 4°C while

being stirred to exchange the buffer the antibodies were stored in.

The final samples were transferred to a Pierce Protein Concentrator

(88517) and spun in a centrifuge until the sample volume was

approximately 1 mL. The OD A280 nm was measured to obtain the

concentration of the antibody via Epoch2.
Determining reactivity and polyreactivity

ELISA kits from ORGENTEC Diagnostika GmbH (anti-

dsDNA, ORG 604; anti-insulin ORG 520) and Abnova (anti-

cardiolipin, KA0941; ANA Profile, KA1079) were used for basic

qualitative binding of the cloned and purified monoclonal

antibodies to determine autoreactivity to dsDNA, insulin,

cardiolipin, and additional nuclear proteins. The manufacturer’s

instructions were followed with additional adjustments in

concentrations of sample added to the pre-coated plates made to

optimize the procedure for purified antibodies compared to serum

or plasma. Absorbances were collected via Epoch2, and data

analysis was performed using GraphPad Prism versions 8 and 9

using the recommended 4-Parameter-Fit (4PL) with lin-log
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coordinates for the ORGENTEC anti-dsDNA and anti-insulin

kits. Excel was used for the simple calculations for the Abnova

anti-cardiolipin and ANA Profile kits.

Antibodies (10 µg) were tested for HEp-2 staining which was

carried out according to the manufacturer’s instructions (Kallestad

HEp-2 Slides, BioRad). The same dose was used for each

monoclonal antibody to facilitate direct comparison.
CDR3 analysis

CDR-H3 analysis was performed using IMGT/HighV-QUEST

and NCBI IgGBlast to gather information from genetic sequences.

The collected data was then analyzed using GraphPad Prism

versions 8 and 9.
Statistical analysis

Statistical analysis was performed using GraphPad Prism

versions 8 and 9. Levels of statistical significance were determined

via Fisher Exact tests and unpaired Mann-Whitney tests with

significance taken as p ≤ 0.05.
Results

VH4-34 utilization

Overutilization of VH4-34 in antibodies expressed by healthy

human adult B1 cells is well documented. Here B1 cells and

memory B cells from 3 donors were sort purified following the

gating strategy shown in Supplementary Figure 1. Antibodies

expressed by these two populations were amplified and sequenced

(Supplementary Figure 2). Of all (107) B1 cell antibodies, VH4-34

was expressed by 10.1%. Of all (65) memory B1 cell antibodies,

VH4-34 was expressed by 3.56%. Thus, in this study, as in previous

studies (23, 38), we found VH4-34 is overutilized in human B1

cell antibodies.
Primer development

During this work, we adapted and altered the protocol that was

originally outlined by Tiller et al. (39) to efficiently generate

monoclonal antibodies. As we were only interested in one specific

VH segment, there was no reason to use extra resources or

complicate our work by continuing to use a 12 primer mix for

VH segments when we were focused on amplification and

expression of VH4-34-containing heavy chains. To validate the

use of the VH4-34 primer alone, we ran several 96 well plates

through the original protocol as well as our newly designed protocol

and compared amplification success. In side by side comparison,

samples from the new protocol amplified VH4-34-containing

antibodies to the exact same extent (that is, in the same wells) as

were amplified by the original protocol (data not shown). Using the
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VH4-34 specific primer method, 107 VH4-34-containing sequences

were amplified from B1 cells (48 cloned), and 65 VH4-34-

containing sequences were amplified from memory B cells

(28 cloned).
Antibody autoreactivity

Amplified antibodies were cloned and expressed and then tested

for autoreactivity by HEp-2 staining (Figure 1) and ELISA assays for

recognition of a number of self-antigens. Positive results in any of these

assays led to designation of an antibody as an autoantibody. Among all

the cloned and expressed antibodies tested, we found autoantibodies

were positive for HEp-2 staining (9) or anti-dsDNA ELISA (11), with 4

of these autoantibodies positive for both HEp-2 and anti-dsDNA,

regardless of additional reactivities.

Among B1 cell-expressed antibodies that utilized VH4-34, we

found 14 out of 48 (29%) were autoreactive, of which 8 were HEp-2

+, 10 were dsDNA+, and 4 of these were positive in both assays

(HEp-2+dsDNA+) (Table 1). Of the 3 B1 cell-expressed double

positive HEp-2+dsDNA+ antibodies that were tested further,
Frontiers in Immunology 05
2 were positive in 10 additional assays for autoantibodies

(polyautoreactive), whereas of 8 B1 cell-expressed single positive

(HEp-2+ or dsDNA+) autoantibodies that were tested further, none

were positive on more than a single other ELISA assay. In direct

contrast, among VH4-34 memory B cell-expressed VH4-34

antibodies, we found only 2 out of 28 (7.1%) were autoreactive, of

which 1 was HEp-2+ and 1 was dsDNA+ (Table 1). The difference

between the fraction of VH4-34 antibodies that were autoreactive in

B1 cells vs memory B cells is statistically significant via Fisher’s

exact test (p ≤ 0.05).
Antibody sequence

Sequence information for autoreactive VH4-34 antibodies is

shown in Table 2. We found utilization of DH and JH regions is

heterogeneous among B1 and memory B cell VH4-34 autoreactive

antibodies. Focusing on the antigen-binding CDR3 region, we

found no statistical difference in CDR3 length between B1 cell-

derived vs memory B cell-derived VH4-34-containing antibodies

(Figure 2). However, VH4-34 autoreactive and non-autoreactive
A B

D

E

C

FIGURE 1

Some VH4-34 antibodies stain HEp-2 cells. Antibodies from single B1 and memory B cells, contributed by 3 healthy human donors, were amplified,
cloned and expressed, and then tested for autoreactivity by indirect immunofluorescence assay on HEp-2 cells. Representative micrographs are
shown of (A) Positive control, (B) Negative Control, (C) Antibody B1_3_C11_D2, (D) Antibody Mem_6_A10, (E) Antibody Mem_6_D7_IgG.
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TABLE 1 VH4-34 antibodies that are autoreactive.
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Names

HEp-
2

dsDNA Insulin Cardiolipin Anti-
RNP-70 R

B1_1_C6_lgM + – – – –

B1_2_D2_lgM ++ – – – –

Mem_6_A10_IgG + – – – –

Mem_6_C12_lgG – + – – –

B1_1_A12_lgG_D2 + +++ + + +

B1_2_A8_IgM_D2 – + – – –

B1_3_A7_IgM_D2 + – – – –

B1_3_C11_IgG_D2 + + – – –

B1_1_H2_D2_IgG + – – – –

B1_1_F6_lgG – +++ ND ND ND

B1_2_A5_D2_IgG – + ND ND ND

B1_1_B2_D2_IgG – + ND ND ND

B1_2_B9_D2_IgM – + ND ND ND

B1_3_C5_D2_IgM ++ ++ ND ND ND

B1_1_C8_D2_IgG + + + ND ND

B1_3_D3_D3_IgM – + – – ND

"ND" not determined; "+" florescence barely above background; "++" mid level florescence observed; "+++" brighte
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TABLE 2 Characteristics of VH4-34 antibodies that are autoreactive.

FR1 CDR3
mut

Total
Mut

CDR3 CDR3
length

Auto-
reactive

GLLKPSETLSLTCAVY 0 0 ASNTDYVWGSYRPRGLL 17 yes

GLLKPSETLSLTCAVY 0 9 ARGPSGYYPFDS 12 yes

GLLKPSETLSLTCAVY 0 0 ARALSGRYQLLYKRRAGYNWFDP 23 yes

GLLKPSETLSLTCAVY 0 0 ARGTGCSSTSCHIRRYYYYGMDV 23 yes

ETLSLTCAVY 0 0 ARGVGYCSGGSCYSRYYYYYGMDV 24 yes

GLLKPSETLSLTCAVY 0 0 ARSLLRE 7 yes

GLLKPSETLSLTCAVY 0 0 ARALSGRYQLLYKRRAGYNWFDP 23 yes

GLLKPSETLSLTCAVY 0 10 ARGGSVSGNVVPTFLDR 17 yes

GLLKPSETLSLTCAVY 0 0 ARGRGVTYCGGDCYPWFDP 19 yes

GLLKPSETLSLTCAVY 0 1 ARGVMATSI 9 yes

GLLKPSETLSLTCAVY 0 3 ARAPKALSGYPTRYTTLTA 19 yes

GLLKPSETLSLTCAVY 0 0 ARGGVYDFWSGYNDYYYYMDV 21 yes

GLLKPSETLSLTCAVY 1 9 ARGRGARTIFGVVRDYDLDV 20 yes

ETLSLTCAVY 0 0 ARGKVYCSGGSCYKVPYYYGMDV 23 yes

GLLKPSETLSLTCAVY 0 0 ARGGVYDFWSGYNDYYYYMDV 21 yes

GLLKPSETLSLTCAVY 0 0 ASPRQPGAARPYVR 14 yes
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Sample
Names

Cell
of Origin

Isotype
of Origin

VH DH JH

B1_1_C6_lgM B1 IgM 4-34 3-6 5-01 QVQLQQWGA

B1_2_D2_lgM B1 IgM 4-34 3-22 4-02 QVQLQQWGA

B1_1_A12_IgG_D2 B1 IgG 4-34 2-2 5-02 QVQLQQWGA

B1_2_A8_IgM_D2 B1 IgM 4-34 2-2 6-02 QVQLQQWGA

B1_3_A7_IgM_D2 B1 IgM 4-34 2-15 6-02 LLKPS

B1_3_C11_IgG_D2 B1 IgG 4-34 3-16 4-02,
5-02

QVQLQQWGA

B1_1_C8_D2_IgG B1 IgG 4-34 2-2 5-02 QVQLQQWGA

B1_3_D3_D3_IgM B1 IgM 4-34 5-12 5-02 QVQLQQWGA

B1_1_H2_D2_IgG B1 IgG 4-34 2-21 5-02 QVQLQQWGA

B1_1_F6_lgG B1 IgG 4-34 5-24 4-02,
5-02

QVQLQQWGA

B1_2_A5_D2_IgG B1 IgG 4-34 3-22 4-02 QVQLQQWGA

B1_1_B2_D2_IgG B1 IgG 4-34 3-3 6-03 QVQLQQWGA

B1_2_B9_D2_IgM B1 IgM 4-34 3-3 6-02 QVQLQQWGA

B1_3_C5_D2_IgM B1 IgM 4-34 2-15 6-02 LLKPS

Mem_6_A10_IgG Mem IgG 4-34 3-3 6-03 QVQLQQWGA

Mem_6_C12_lgG Mem IgG 4-34 6-6 4-02 QVQLQQWGA
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antibodies differed in CDR3 length in that CDR3 regions were

longer in autoreactive antibodies (18.2 +/- 5.26 ranging between 7-

24 amino acids) than in non-autoreactive antibodies (16.9 +/- 4.95

ranging between 7-24 amino acids), although this did not reach

statistical significance.

VH4-34 antibodies contained few mutations in CDR3 regions

overall (Table 2). Among autoreactive antibodies, only 1/16

contained a single CDR3 mutation. Among non-autoreactive

antibodies, only 8/60 contained any CDR3 mutation. Among

autoreactive antibodies, 5/16 contained any VH mutations

(numbering between 1 and 10), and among non-autoreactive

antibodies, 47/60 contained any VH mutations (numbering

between 1 and 32).

In VH4-34 antibodies, the presence of a germline “hydrophobic

patch” in the VH4-34 antibody FR1 region (QWxxxxxxx
Frontiers in Immunology 08
xxxxxxxxAVY) has been reported to be associated with some

forms of self-recognition (Table 2) (40). Among tested B1 cell

antibodies, we found the FR1 “patch” in both autoreactive and non-

autoreactive antibodies, being present in 12 of 14 B1 cell

autoreactive antibodies (but not in all 14) and in 27 of 34 non-

autoreactive antibodies. Thus, the presence of the “hydrophobic

patch” sequence does not correlate with autoreactivity against

dsDNA and HEp-2 cells in the structures examined here, as

previously noted (29, 32).
Discussion

Antibodies that incorporate the VH4-34 gene segment are

strongly associated with autoreactivity and clinical autoimmunity
A

B

C

FIGURE 2

CDR3 regions of B1 cell autoantibodies encompass a range of lengths. (A) The CDR3 length for each antibody, categorized by cell of origin and
autoreactivity, is shown as a circle with yellow/orange/red colors indicating more antibodies with that length. (B) The CDR3 length for each IgM
antibody, categorized by cell of origin and autoreactivity, is shown as a bar graph. (C) The CDR3 length for each IgG antibody, categorized by cell of
origin and autoreactivity, is shown as a bar graph.
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(41). The finding that human B1 cells overutilize VH4-34 in

comparison to other B cell populations would appear to be

consistent with a homeostatic role for self-recognizing B1 cell

natural antibodies. However, VH4-34 is incorporated in some

antibodies expressed, albeit less frequently, by human B cells that

are not B1 cells. This raises the question as to whether VH4-34-

containing antibodies are equally autoreactive regardless of the B

cell population they inhabit, or whether VH4-34 autoreactivity is a

property of, and skewed toward, B1 cells. To address this issue, we

sorted human B1 cells and memory B cells and then amplified,

sequenced, cloned, expressed and tested 76 antibodies from single

cells for autoreactivity. We found a statistically significant difference

between B1 cells and memory B cells in which VH4-34-containing

antibodies from the former were much more frequently

autoreactive than VH4-34-containing antibodies from the latter.

This strongly suggests that B cells with autoreactive B cell receptors

tend to end up in the B1 cell pool, or that B cells with autoreactive B

cell receptors tend to disappear from the memory B cell pool, or that

other unknown elements play a role in preferentially skewing VH4-

34-containing antibodies that are autoreactive toward the B1 cell

population. Along these lines, it has been reported that certain light

chains can suppress otherwise evident autoreactivity (42). We

cannot say whether this mechanism is playing a role within the

VH4-34+ memory B cell pool. Future experiments in which heavy

and light chains are exchanged may provide insight into this issue.

It is also notable that all amplified antibodies were expression

cloned as IgG1, meaning antibodies from B cells expressing IgM,

as well as from those expressing IgG, were constructed and tested as

IgG1. It seems unlikely that IgG1 would strengthen antigen binding

in comparison to IgM, but only comparison of the same binding

domains cloned onto IgG1 vs IgM would address this issue

conclusively (43). Despite these caveats, it is not unexpected that

human B1 cells encode autoreactive antibody as this is well

described in the murine system and there is preliminary evidence

for this in our early work in the human system (21, 44–46).

We used two different methods here to determine whether

cloned and expressed antibodies manifest autoreactivity: HEp-2

indirect immunofluorescence (IFA), and ELISA incorporating a

variety of self-antigens, prominently including dsDNA. The HEp-2

immunofluorescent assay has been regarded as the gold standard

for ANA testing in clinical settings (47) although the results can

sometimes be difficult to standardize and interpret. In recent years,

ELISAs, line immunoassays (LIAs), and bead assays have become

more widely used in clinical and research settings with high

sensitivity and specificity (48). It is with this in mind that ELISAs

were used in addition to HEp-2 IFA to evaluate the autoreactivity of

the cloned antibodies for these experiments. We labeled an antibody

as autoreactive if it was positive in either IFA or ELISA. In that way

we found a significant difference in the proportion of autoreactive

antibodies among all tested antibodies for B1 cells vs memory

B cells.

Antibody results from HEp-2 and ELISA screening did not fully

align in our results. This inconsistency between tests has been noted

before (49); however, despite imperfect overlap between the
Frontiers in Immunology 09
methods, both have been validated for determining presence of

autoantibodies (50). The difference we documented for all

autoreactive VH4-34 antibodies derived from B1 vs memory B

cells is also true considering only antibodies that were HEp-2+,

which amounted to 8 out of 48 B1 cell antibodies tested and 1 out of

28 memory B cell antibodies tested, as well as for those that were

dsDNA+, which amounted to 10 out of 48 B1 cell antibodies tested

and 1 out of 28 memory B cell antibodies tested.

Antibodies are composed of 6 CDRs, but it is the highly variable

CDR-H3 region that is the central point of antibody-antigen

interactions. It is the properties of the amino acids located in this

region that dictate how each antibody responds to the myriad of

antigens jeopardizing the body (51–53). It has been reported that

longer CDR-H3 regions are associated with antibody autoreactivity (51,

54). The mean length, reported in literature, of the CDR-H3 is 15.2 ( ±

4.1) ranging between 1-35 amino acids (53). While there was no

statistical difference in length of the CDR-H3 between B1 cell-derived

vs memory B cell-derived VH4-34 containing antibodies, there was a

trend toward a difference in CDR-H3 lengths between autoreactive and

non-autoreactive antibodies. Although this difference is not statistically

significant, our results are consistent with previous work associating

CDR3 length with autoreactivity. However, our results did not support

an association between the FR1 “hydrophobic patch” and antibody

autoreactivity, as the consensus motif was widely distributed among

VH4-34 antibodies examined here, both autoreactive and non-

autoreactive, as shown before (29, 32).

This early work paves the way for additional analysis of VH4-

34-containing antibodies derived from B1 cells compared to other

subpopulations. A similar approach utilizing single cell sorting

followed by amplification, sequencing, cloning, expression and

testing of purified antibodies could further elucidate the extent to

which autoreactive VH4-34 antibodies derived from B1 cells are

responsible for autoreactivity in SLE and other VH4-34-associated

human dyscrasias.

Notably, IgG is a recurring isotype among disease-associated

autoantibodies. This has led to the presumption that clinical

autoimmunity is associated with an adaptive B2 cell response.

However, half of the B1 cell autoreactive VH4-34 antibodies were

derived from B1 cells expressing IgG. This raises the possibility that

clinically significant IgG autoreactive antibodies may arise from B1

cells in humans.

The need to further characterize autoreactive antibodies is

evident in that specific B cell-targeted clinical therapies have

become more and more common (35). Advanced characterization

of the responsible autoantibody-producing subpopulation could

guide more specific B cell-targeted therapies that do not eradicate

all B cells (55–58).
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SUPPLEMENTARY FIGURE 1

Gating strategy designed and implemented to separate human B1 cells,

memory B cells, and mature (naïve) B cells from whole blood. Pulse width
and forward scatter allows for separation of singlets from doublets. Side

scatter vs Aqua LIVE/DEAD dye is used to identify living cells. CD3/4/7 are
used as a dump channel for T cells vs CD19+ B cells. CD19+CD20+ staining

cells (B cells) are gated to exclude plasmablasts that are CD19+CD20-.

CD19+CD20+CD27hiCD38hi staining cells (preplasmablasts) are excluded.
Among CD19+CD20+CD38mod B cells, naïve, memory and B1 cell

populations are single cell sorted based upon expression of CD27 and
CD43, as indicated.

SUPPLEMENTARY FIGURE 2

Utilization of VH4-34. Antibodies were amplified from sort-purified B1 cells
and memory B cells obtained from 3 different donors. Antibodies were

cloned, expressed and then tested for autoreactivity.
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