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Engineering a reporter cell line

to mimic the high oligomannose
presenting surface immunoglobulin
of follicular ymphoma B cells

Butaek Lim, LeNaiya Kydd & Justyn Jaworski**

Subtypes of B cell non-Hodgkin’s lymphomas, including follicular lymphomas, have shown a unique
high oligomannose presentation on theirimmunoglobulins that will interact with natural receptors of
the innate immunity, reportedly causing stimulation and proliferation. From deep sequencing of the
variable heavy and light chain sequences of follicular lymphoma involved tissue sections, we identified
the consensus variable sequences possessing glycosylation sites at the complementarity determining
region. Using this information, we developed a cell line, referred to here as BZ, which displays the
consensus variable segments as part of a surface antibody (IgM) and confirmed its presentation of high
oligomannose on the heavy chain both in vitro and in vivo. An mCherry expressing variant provided a
reporter cell line displaying the high oligomannose surface biomarker while affording clear fluorescent
signals for FACS screening as well as for fluorescent in vivo imaging of ectopic xenograft tumors.

In developing this reporter cell line that displays the biomarker glycan of follicular ymphoma, we
provide a tool that may be used for future screening and validation of receptive moieties for selectively
binding high oligomannose for development of targeted diagnostics or therapeutics to such B cell
malignancies that display this unique glycan.

B cell follicular lymphoma as well as subsets of other B cell lymphomas have been found to display a unique
high oligomannose glycan on their membrane bound immunoglobulin (Ig)'-°. Recent works examining the Ig
variable regions of a large cohort of follicular lymphoma (FL) patients has shown an interesting common trait
of presentation of a glycosylation site sequence within the variable segment, typically at the complementarity
determining region (CDR)*”®. This site has been previously reported in the variable heavy chain of B-cell recep-
tors of at least 90% of FL patients and at least 41% of Diffuse Large B-Cell Lymphoma (DLBCL) patients">*%?,
where such N-linked glycosylation sites of the CDR results in the unique display of a high oligomannose glycan.
The displayed high oligomannose on the CDR may bind to receptors present on natural innate immune cells>'°.
While N-glycosylation sites are known to be highly conserved within certain Ig heavy chain constant regions,
the presence of N-glycosylation sites within the CDR are rare in healthy B-cells'’. Endogenous oligomannose
receptors, including DC-SIGN and DC-SIGNR, are presented by macrophage and dendritic cells within the
germinal center, and these interactions with the oligomannosylated Ig of FL B-cells have been validated to result
in B-cell receptor crosslinking for persistent activation of B cell proliferation'"!2. The acquisition of this N-linked
glycosylation motif is evident to be a required feature among certain B cell lymphomas. As somatic hypermuta-
tions of the antibody variable region persist in FL B cells producing a heterogeneous subclonal population, the
conserved glycosylation sites at the CDR of follicular lymphoma B cells will remain; thus, glycosylation sites
are retained in progression-associated subclones while glycosylation motif-negative subclones disappear from
the overall tumor mass®'"'*. This conservation of the CDR glycosylation site during somatic hypermutation
suggests it to be a critical factor that restricts dependence of FL on the surrounding tumor microenvironment®.
It thus follows rationally why there continues to be great difficulty in generating a FL cell line or in vivo model
given this dependence’.

While we now know that displayed oligomannose on the variable Ig domains can be bound by endogenous
lectins of innate immune cells within lymphoid tissue, future efforts may look to identify mechanisms to block
this B-cell receptor signaling required for FL B-cell survival. In looking to understand how this unique oligoman-
nose can be presented as a feature on the CDR of Ig, it is important to consider that in the context of healthy
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mammalian systems these terminal mannose units of oligomannose are generally masked by other sugar moie-
ties capped onto the end and thus oligomannose typically only exists as precursors, or core/internal sequences
of more mature glycans. This biosynthesis of N-linked glycans begins through the transfer of an oligosaccharide
composed of Gle;ManyGIcNAc, to a nascent polypeptide chain in the endoplasmic reticulum at canonical gly-
cosylation sites having the amino acid sequence (N-X-S/T). Reactions with glucosidases begin trimming the
glucose terminal units while a series of mannosidases would follow to remove all but three mannose residues
as the protein enters the early Golgi to follow with capping of terminal sugar residues such as fucose and sialic
acid"'*. Natural recognition of high oligomannose at key checkpoint stages is indicative of improper folding
whereby such oligomannosylated proteins would be targeted for degradation'®. However, for an Ig of FL to dis-
play oligomannose without being targeted for degradation, it is believed that the commonly concave shape of
the CDR" may sterically block the glycan trimming enzymes as well as trafficking machinery from binding the
oligomannose within the CDR pocket and in turn hinder the ability to degrade the high oligomannose displaying
Ig. This distinct high oligomannosylation is consistently presented on the variable regions of the Ig in FL, while
the constant domains possess properly processed glycosylation sites'?!. This feature provides a clear internal
control that normal transit and processing through the Golgi is occurring but with an inability to process man-
nose trimming in the variable region due to some form of steric blocking as mentioned above. In order to provide
a system for the display of the high oligomannose biomarker presented by the immunoglobulin of FL B cells, we
have developed here a reporter cell-line which presents the variable domains from a FL B cell as a membrane
bound surface antibody and validated its display of the high oligomannose glycan.

It has been reported that the availability of mouse models for examining FL are limited due to the difficulty
to establish FL xenografts, as the local tumor microenvironment is required for their survival and immuno-
compromised mice lack the necessary supportive interaction or mature secondary lymphoid organs'®. Because
of the requirement of this supportive cellular framework, in vitro growth has also shown very limited survival
and as such there are said to be no true follicular lymphoma B-cell lines'®. Nonetheless, a number of reports
have demonstrated FL-like cell lines, often with co-culture of helper cells, which can serve as important tools
for studying different aspects of FL such as chromosomal features, apoptosis, and cytokine-mediated growth
regulation'*-?*. While molecular genetic and immunophenotypic features had been examined in the aforemen-
tioned studies, there were no reports of the glycosylation status of the surface immunoglobulin presented in these
cell lines. In the following work we do not try to provide a FL cell line but rather provide an engineered reporter
cell line that produces a high oligomannosylated surface antibody as to mimic the glycan target presented by FL
B cells. While existing cell lines, such as the TKO pre-B cell line, have proven a valuable tool in understanding
B cell development and signaling®*¢, we have avoided the use of existing B cell lines as the intent is to develop a
reporter cell line for use in receptor screening process. Thus, we instead selected the HEK293T cell line to ensure
that surface features that are common to B cells would not be presented within our oligomannosylated surface
IgM displaying reporter cell line. While other orthogonal cell lines could have been selected, the HEK293T
cell line is one of the most widely used for expression and characterization of recombinant glycoproteins and
is capable of a high degree of glycosylation complexity making it an amenable platform for cell-based glycan
display?’. Here, we provide our approach to using deep sequencing of variable domains from FL tissue sections
to identify and generate a genetic construct for expression of a membrane bound IgM that displays the canonical
high oligomannose on the heavy chain CDR. Herein, two engineered cell lines were produced using a HEK293
background and were found to stably express the oligomannoyslated antibody with one possessing an mCherry
fusion in the cytoplasmic domain serving as a fluorescent reporter for the presence of the membrane-bound Ig.
We anticipate providing these cell lines as tools for the research and development of receptive moieties for high
oligomannose will help to yield new diagnostic or therapeutic technologies. The potential use of this reporter
cell line for in vitro screening or in vivo imaging studies may serve as a starting point toward identifying relevant
high oligomannose receptors that may eventually be advanced into clinically useful probes.

Results

Identifying established follicular lymphoma B cell antibody sequence possessing character-
istic CDR glycosylation site. Aberrant glycosylation sites on the (CDR) of the Ig presented by follicu-
lar lymphoma B cells have been widely reported as characteristic of this subset of lymphoma. To produce an
engineered cell line which displays an established FL-derived antibody sequence, we conducted next genera-
tion deep sequencing (NGS) of the variable heavy and light chains presented from a FL involved lymph node
tissue section. From NGS results, we identified 9931 unique sequence pairs (5228 unique to sample 1 among
216,053 paired-reads and 4797 unique to sample 2 among 155,596 paired-reads) of the variable domain ampli-
cons. Examination of the amplicons by IMGT/HighV-QUEST revealed 3225 recombination to be productive
which were distributed as 1798 heavy chain V-D-]J recombinations, 1420 lambda light chain V-J recombinations,
and only 7 kappa light chain V-J recombinations. While in normal reactive lymphoid populations there is a
mixture of kappa versus lambda light chains, our observed lambda light chain dominance within the popula-
tion was expected since light chain restrictions are a common feature of lymphomas®. Alignment and trans-
lation by IMGT/HighV-QUEST*-* provided 260 unique variable heavy chain and 792 unique variable light
chain domain among which 174 heavy chains and 1 light chain possessed the consensus N-X-S/T glycosylation
sequence. As proline creates too much distance between the acceptor asparagine from that of the hydroxyl of
serine or threonine for glycosylation machinery, N-linked glycosylation does not typically proceed when the X
residue is a proline and as such those sequences possessing an N-P-S/T sequence were not considered glycosyla-
tion sequences in our analysis*. From Fig. 1, we can see the distribution of these glycosylation sequences were
predominantly at CDR3 and to a lesser extent at CDR1 of the heavy chain. This agrees with recent reports of
aberrant glycosylation sites found on the antibodies of follicular lymphoma B cells’.
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Figure 1. Frequency and location of glycosylation site sequences appearing in variable segments. Deep
sequencing results of tissue sections from a follicular lymphoma involved lymph node were analyzed to reveal
the region and frequency of total reads possessing an N-glycosylation site sequence N-X-S/T (where X is not
Proline) suggesting that the B cells present in the section had preferential glycosylation of the CDR3 region.

Multiple sequence alignment using MAFFT (multiple alignment using fast Fourier transform) was imple-
mented for the heavy chain and lambda light chain variable domains and the sequence pattern of the clones
present in the follicular lymphoma B cells are presented in Supplementary Figure S7 as a sequence logo. The
consensus heavy chain clonotype was found to be derived from the IGH V3-23 germline while that of the
lambda light chains were derived from IGL V1-47. Importantly, an N-D-S glycosylation site at the heavy chain
CDR3 was highly conserved, where reports have shown such aberrant glycosylation sites at the CDR to be
characteristic of FL.

The dominant variable heavy chain and light chain found from deep sequencing of the single follicular
lymphoma involved lymph node were thus identified. The heavy chain variable domain consensus sequence
(E-V-Q-L-L-E-S-G-G-G-L-V-Q-P-G-G-S-L-R-L-S-C-A-A-S-G-F-T-F-N-T-F-S-M-N-W-V-R-Q-G-P-G-Q-G-
L-D-W-V-A-G-I-S-G-§-G-T-I-T-Y-Y-A-D-S-V-R-G-R-F-§-1-§-R-D-N-§-K-N-T-L-Y-L-E-M-K-S-L-R-V-E-D-T-
A-V-Y-Y-C-A-N-N-D-S§-S-G-P-I-Y-F-E-S-W-G-Q-G-T-L-V-T-V-S-S) possessing the glycosylation site and the
CDR3 and the lambda light chain variable domain consensus sequence (Q-S-V-L-T-Q-P-P-S-A-S-G-T-P-G-Q-
R-V-T-I-§-C-S-G-S-5-§-N-I-G-§-N-Y-V-Y-W-F-Q-Q-L-P-G-S-A-P-K-L-L-I-Y-R-D-S-Q-R-P-5-G-V-P-D-R-F-S-
G-S-K-S-G-T-S-A-S-L-A-I-S-G-L-R-S-E-D-E-A-D-Y-Y-C-A-A-W-D-D-S-L-S-G-R-V-F-G-T-G-T-Q-L-T-V-L)
were found to be in agreement among the clonotypes having among the most abundant reads for the heavy and
light chains variable domains. The above sequences were used to construct an antibody expression system to
display the FL B cell derived variable domains on the membrane bound surface IgM for our engineered cell line.

Confirmation of engineered cell line stably expressing surface IgM derived fromFL B cell.  After
construction of the expression vectors for the IgM heavy chain possessing a transmembrane domain and for the
Ig lambda light chain, the transfection of HEK293T cells followed by antibiotic selection. The use of antibiotics
(blasticidin and zeocin) above the kill curve threshold for HEK293 were used for selection of clones facilitat-
ing the successful isolation of an engineered cell line (which we refer to as the BZ cell line) that provided stable
expression of surface IgM. Confirmation of the heavy chain and light chain expression was confirmed by western
blot as seen in Fig. 2.

The expected size of the IgM heavy chain possessing a transmembrane domain and the FL B cell derived
variable domain consensus sequence was expected to have an unglycosylated molecular weight of ~ 66 kDa while
the lambda light chain was expected to have an unglycosylated molecular weight of ~ 25 kDa. A band size for the
heavy chain larger than 66 kDa was seen by immunoblotting indicating the IgM heavy chain was indeed glyco-
sylated. In contrast, immunoblotting revealed the expected size for an unglycosylated light chain. The anti-IgM
and anti-lambda stained bands were observable only for the case of the engineered BZ cell lysate and not for the
HEK lysate control. This shows that the HEK background did not previously possess any cross-reactive proteins,
and further confirms the expression of the full length heavy chain and lambda light chain.

Examination for oligomannosylation of antibodies presented by the engineered BZ
cells. Here we examined if the glycosylation site on antibody presented by our BZ cell line would result in the
display of aberrant high oligomannose as is seen on the antibodies of follicular lymphoma B cells. To do so, we
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Figure 2. Immunoblotting of the engineered BZ and HEK background cell lysates separated by SDS-PAGE. (A)
Heavy chain anti-IgM staining and (B) light chain anti-lambda staining of the cell lysates from the engineered
BZ cell line and the HEK background from which BZ was derived reveal expression of IgM heavy chain

and lambda light chain for the BZ cell line but not observed for the HEK background. The light chain band
appears at ~ 25 kDa which is the expected size for the unglycoyslated light chain, while the heavy chain appears
larger than the unglycosylated molecular weight of ~ 66 kDa indicating that the heavy chain has indeed been

glycosylated.
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Figure 3. Immunoblotting of glycosidase assay product. Cell lysates from engineered BZ cells were used

for glycosidase assays using (A,D) EndoH, (B) PNGase F, or (C) Mannosidase and separated by SDS-PAGE.
Immunoblotting of the transfers and staining with (A-C) anti-IgM heavy chain (primary) or (D) anti-lambda
light chain (primary) revealed a shift in the size of the heavy chain resulting from cleavage of the glycan while
the light chain size was unchanged. A smaller band shift for cleavage by Mannosidase relative to EndoH or
PNGase F is expected based on (E) the location of the cleavage sites.

conducted a series of high mannose specific glycosidase assays followed by western blot staining for the heavy
and light chains. As shown in Fig. 3, the assays using the BZ lysate revealed the appearance of different band
shifts relative to the untreated BZ lysate. This shift corresponds to the cutting away of glycans by the distinct gly-
cosidases implemented in the assays. The specificity of the EndoH and Mannosidase enzymes in digesting only
glycans terminating in high oligomannose allowed our verification by immunoblotting that high oligomannose
was indeed presented by the heavy chain as observable by the band shifts. In contrast, the light chain revealed no
band shift suggesting no high oligomannosylation. This was to be expected given our knowledge of the location
of the glycosylation site at the CDR of the heavy chain. No such glycosylation site was present in the light chain
of the engineered BZ cell line and this is in agreement with the immunoblotting results as either with or with-
out EndoH glycosidase treatment the light chain band remain at the expected molecular weight of 25 kDa. In
contrast, a predicted decrease in the molecular weight of the heavy chain was observed based on the specificity
of the glycosidase to which it was exposed. For example, the EndoH cleaves almost the entirety of high man-
nose glycan by cutting at the chitobiose core, thus showing a large decrease in the molecular weight of the IgM
toward the expected unglycoyslated size of ~66 kDa. PNGase will cleave the entire glycan, and it recognizes and
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Figure 4. Tumor engraftment and immunohistochemistry. (A) Palpable tumors formed at 4-5 weeks after
subcutaneous injection of BZ cells into the flank of NOD-scid mice were (B) removed and (C,D) cryosectioned
for immunohistochemistry. (E,F) HEK cell derived tumor were similarly grown, removed and section. Positive
IHC staining of BZ tumor sections was observed with (C) anti-lambda light chain and (D) anti-IgM heavy chain
at the location of the tumor but not stained in the adjacent muscle tissue. In contrast, HEK derived tumors
exhibited a negative signal for (E) anti-lambda light chain and (F) anti-IgM heavy chain IHC staining.

cleaves between the innermost GIcNAc and asparagine residues of all N-linked glycoproteins and not only high
mannose glycans. As such PNGase F treatment showed the IgM size to again decrease to ~ 66 kDa indicating
the release of the N-linked glycan. In contrast, Mannosidase trims only the terminal mannose residues within
high oligomannose and thus displayed a much smaller decrease in the molecular weight of the IgM as compared
to the other glycosidases. The results confirmed that the engineered BZ cell line could display surface IgM with
the high oligomannose glycosylation as is presented by follicular lymphoma B cells from which the variable
segments had originated. Additional confirmation of the high oligomannosylation of our reporter cell line was
carried out using a lectin-based binding assay (Supplementary Figure S8) in which DC-SIGN and DC-SIGNR
labeled magnetic beads were found to provide enrichment for our reporter cell line in mixed cell samples. In
addition, a negative control cell line was produced which possesses a mutated version of the IgM heavy chain
that lacks the N-D-S glycosylation site of the CDR3 and may serve as a useful negative selection target for remov-
ing high oligomannose target-unrelated clones in future screening assays. As seen in Supplementary Figure S9,
the IgM heavy chain of the negative control cell line has a decreased size owing to glycan loss at the CDR3 as
compared to that displayed by the BZ cell line.

Developing murine tumors from engineered BZ cell line.  To examine if tumors developed from the
engineered BZ cell line could be engrafted and still present the surface IgM, we generated ectopic murine tumors
in NOD-SCID mice using the BZ cell line as compared to the HEK293 background. We confirmed the appear-
ance of tumors after 4-5 weeks with an approximate size of 9 mm. Tumors were excised and were subjected to
either lysis for analysis by glycosidase assay and western blot or flash frozen in OCT for cryosectioning. From
Fig. 4, we see that IHC staining revealed the positive presence of heavy and light chain for the engineered BZ
tumor sections but was not seen for the control HEK tumor sections which confirms in vivo antibody expres-
sion by BZ derived tumors. Furthermore, glycosidase assays specific for high oligomannose conducted for tumor
lysate samples confirmed high oligomannose display on the IgM heavy chain of BZ tumors but not HEK tumors
(Supplementary Figure S1).

Examining BZ-mCherry reporter cell line. The reporter cell line BZ-mCherry (possessing a cytosolic
fluorescent mCherry fusion to the IgM heavy chain) was examined for its potential to be used as a tool for some
of the more common in vitro and in vivo targeting techniques of FACS and fluorescence in vivo imaging, respec-
tively. It is important to note that the fluorescent mCherry signal as a fusion of the IgM does not directly report
oligomannose presence but rather reports the heavy chain expression. From Fig. 5, the BZ-mCherry cell line is
seen to provide a bright red fluorescence that is a readily observable by fluorescence microscopy, and tumors
generated from BZ-mCherry are clearly visible with fluorescence in vivo imaging systems. The reporter BZ-
mCherry cell line also holds the potential for being implemented in FACS studies as seen in Fig. 5C by the high
mean fluorescence intensity in the red channel relative to the original BZ cell line. We also find when incubating
the BZ, BZ-mCherry, and HEK cell lines with FITC-labeled anti-lambda light chain probe a clear increase in
mean fluorescence intensity (MFI) was observable from FACS analysis (Fig. 5D) for the BZ-mCherry relative
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Figure 5. FACS and fluorescence in vivo imaging. (A) Fluorescent microscopy of engineered BZ-mCherry

cell line shows the clear red fluorescence of the reporter cell line (scale bar =50um). (B) Ectopic murine
BZ-mCherrry tumors are clearly visible by fluorescence in vivo imaging taken at Em =620, Ex=580, Bin=4/4,
Fnumber =£2, exposure=0.5 s. (C) The potential use of the BZ-mCherry cell line for FACS based screening is
also evident by the bright red fluorescence. (D) We also see a large shift in the mean fluorescent intensity for the
BZ-mCherry cells compared to HEK when incubated with FITC-labeled anti-lambda probe.

to the HEK control indicating the display of surface antibody, where this can similarly be seen (Supplementary
Figure S2) for the BZ cell line. The ability for the reporter cell line to be readily distinguished from the non-
reporter BZ cell line and HEK293 background cells by the red fluorescence by FACS suggest it to have potential
utility for screening studies. Moreover, the ability to distinguish the reporter BZ-mCherry cells within an in vivo
context when conducting fluorescent in vivo imaging of ectopic murine BZ-mCherry tumors suggests that this
engineered reporter cell line may prove useful owing to its bright red fluorescence and display of the oligoman-
nosylated antibody.

Discussion

Recent works have shown that glycosylation of the Ig of follicular lymphoma B cells results in presentation of
oligomannose on the CDR that is a necessary characteristic for their survival, as this glycosylation facilitates
continual stimulatory interactions via the endogenous lectins in the surrounding tumor microenvironment®*.
Because of this dependency, it has been historically difficult to examine isolated patient derived FL cells in vitro
for any extended period of time or arrive at a realistic FL cell line'®!?. Here we explored the development of a
cell line that reports expression of a membrane-bound Ig derived from follicular lymphoma B cell where this Ig
displays a characteristic high oligomannose glycan as presented by follicular lymphoma B cells. As no oligoman-
nose specific technologies have yet been able to target this biomarker, the intention of this work is to provide
a possible tool for future development of suitable targeting moieties that could selectively bind the displayed
oligomannose in order to facilitate targeted diagnostics or therapeutics that invoke disruption of the aforemen-
tioned lectin-oligomannose interactions. In this work, we first carried out deep sequencing of the Ig variable
regions of FL involved lymph node sections, where we identified a conserved glycosylation site presented at
the third complementarity determining region (CDR3) of the variable heavy chain. The consensus heavy chain
possessed significant drift from the germline unlike other sequences found within the node indicating it had
undergone significant somatic hypermutation. The sample was also found to be lambda light chain restricted
with a clear predominance for a consensus lambda sequence. Using the consensus sequence from the follicular
lymphoma B cell sample for the heavy and light chain variable segments, we genetically engineered a set of
mammalian expression vectors incorporating the identified variable heavy and light chain sequences within a
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surface IgM and lambda IgL construct, respectively. Blasticidin and zeocin resistance within the heavy and light
chain expression constructs allowed antibiotic selection of the transfected HEK cells and after continual growth
we isolated cell lines with stably integrated heavy and light chain constructs. The cell line was found to be very
stable with no loss of expression or display of the IgM heavy chain or lambda light chain. Examination of the
glycosylation presented by the cell line was carried out using a series of glycosidase assays. Specifically, the use of
Endoglycosidase H (Endo H) which cleaves the internal GIcNAc core of high mannose structures and the use of
Mannosidase which trims only external mannose residues was implemented in order to confirm the presence of
high oligomannose terminating glycans presented by the antibody on the engineered BZ cell line. We identified
no oligomannose display by the lambda light chain, which was expected given the lack of a glycosylation site at
the variable lambda CDRs. In contrast, we did find oligomannose to be displayed on the IgM which is expected
given the glycosylation sequences found at the CDRs of the FL B cell derived variable heavy chain. From our
glycosidase assays, we confirmed the presence of high oligomannose. The Endo H enzyme selectively cleaves high
mannose terminating glycans, and immunoblotting revealed a large decrease in the size of the IgM after Endo
H treatment. A slightly larger size shift was revealed for the use of PNGase F which is not high mannose specific
but will more broadly cleave almost all N linked glycans of the high mannose type, hybrid type, and complex
type. The fully deglycosylated heavy chain after PNGase F was seen to be in direct agreement with the expected
unglycosylated molecular weight. The display of high oligomannose by the heavy chain was further validated by
use of a third glycosidase assay using Mannosidase which has exoglycosidase specificity for terminal mannose
residues. It is important to see that the Mannosidase treatment resulted in a significantly smaller decrease in the
size of the heavy chain band as compared to the EndoH treatment, where this small shift was representative of
the trimming of only the external mannose residues of high oligomannose present on the IgM. The fact there is
a decreased size after treatment alone confirms the presence of the high oligomannose, but more importantly
the smaller size shift relative to the band size found after cutting the entire glycan at the core GalNAc residues
with EndoH and PNGase F suggests that the Mannosidase was specific in trimming the mannose from the high
oligomannosylated IgM.

Given the successful display of the oligomannose biomarker on the surface IgM of our engineered cell line
in vitro, we then moved to examining the cells in vivo using NOD-scid mice. We identified that our engineered
BZ cell line when injected subcutaneously into the flanks of the mice at 5x 10° cells per 100 pL PBS could result
in palpable tumor formation after 4-5 weeks. Excision of the tumors and immunohistochemical staining with
anti-lambda and anti-IgM confirmed the presence of the surface antibody display throughout the tumor mass.
The western blot analysis of the lysed tumor tissue also revealed the presence of the oligomannose was retained
on the heavy chain as confirmed by endoglycosidase assay suggesting that the glycan display was not affected
by the in vivo growth environment. We next looked to further developing a second cell line which possesses
an additional component of an internal mCherry fluorescence reporter fused to the cytoplasmic side of the
membrane bound IgM. The utility of this BZ-mCherry cell lines as a possible tool for screening of moieties that
can bind the target high oligomannose may be extremely valuable in future therapeutics development and pre-
clinical screening. One observed feature of the BZ cells relative to the HEK background was a decrease in the
adhesion capabilities of the BZ and BZ-mCherry cells as compared to the HEK293 background from which they
were derived for in vitro culture. This may be attributed to the display of surface Ig presented by the engineered
BZ and BZ-mCherry cell lines in some manner restricting interaction of integrins with the surface but was not
explored as it was out of the scope of this study. The HEK, BZ, and BZ-mCherry cell lines were also used for
generating ectopic xenograft tumors in NOD-scid mice where it was shown that the oligomannosylation of the
heavy chain was retained during in vivo growth for the BZ and BZ-mCherry tumor lysates.

In summary, we offer our development of an engineered fluorescent reporter cell line that provides the stable
expression of membrane bound Ig that display high oligomannose on the CDR, as the Ig variable segments were
derived from a follicular lymphoma B cell. Beginning from FFPE tissue slides of a lymph node with involved
FL, we identified the dominant subclones presenting glycosylation sites on the CDR by deep sequencing, and
we cloned the variable domains into an expression vector where the stable expression of surface antibody was
confirmed in vitro and in vivo. Immunoblotting following glycosidase assays validated the oligomannosylation
of the heavy chain, and a reporter cell line was then developed as a potential future screening tool. Here, the
display of oligomannosylated surface Ig may serve as a mimetic target for in vitro or in vivo development and
testing of high oligomannose binding moieties, which are not yet available for targeting to follicular lymphoma
B cells. Unlike previous reports that have sought to create FL cell lines for in vitro studies, our approach does not
try to incorporate the cell signaling features of follicular lymphoma B cells but instead the BZ cell lines strictly
provides a key mimetic surface feature of the oligomannosylated antibody. We anticipate that this cell line may
be used for future identification of a receptive moiety that can properly bind to the unique high oligomannose
target presented by the Ig of certain B cell lymphomas. Because this target represents a critical element for not
only diagnostic but also potential therapeutic purposes, we provide this as a starting point to open the potential
for future work in developing clinically relevant technologies that may bind to high oligomannose.

Methods

Cloning and isolating cells that stably express consensus variable Ig domains on surface
IgM.  After identifying the dominant consensus sequences of the variable heavy and variable lambda light
domains from the FL involved lymph node derived from the left groin of a 35 year old female, these variable
heavy and light sequences were cloned into two modified pFUSE mammalian expression vector constructed as
describe in detail in the Supplementary Methods and summarized in Fig. 6. Two different pFUSE expression
vectors were used, one for expression of the heavy chain IgM containing zeocin resistance and one for expression
of the lambda light chain containing blasticidin resistance.
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Figure 6. Process to generate Ig expression vectors possessing variable domains from follicular lymphoma

B cells. (A) Schematic of our approach to identify consensus variable segment sequences from follicular
lymphoma B cell tissue sections. (B) Plasmid map of IgM VH3-23 pFUSE vector and (C) IgL VL1-47 pFUSE
vector used for production of surface antibody displaying the variable heavy and light chain consensus segments
identified from FL B cell sections and carrying genes for zeocin and blasticidin resistance, respectively. Plasmid
maps made using VectorNTT version 10.3.0 (Thermo Fisher Scientific, USA, https://www.thermofisher.com).

The IgM VH3-23 pFUSE was engineered to possess a canonical IgM transmembrane domain as to present
the B cell receptor on the cell surface when the heavy and light chain pair are co-expressed. Co-transfection of
50% confluent HEK293T cells with the IgM VH3-23 pFUSE and IgL VL1-47 pFUSE plasmid was carried out in
sequential transfection and selection step utilizing polyethyleneimine as carrier in 24 well plates. An overview
of the process is provided in Fig. 7. HEK293T cells were chosen for creating an orthogonal reporter cell line as
to eliminate the presence of intrinsic surface features displayed by B cells that may confound future screening
efforts. This includes associated features such as CD79a/b which when eliminated have been known to reduce
surface Ig expression in HEK293T cells** among other cell types®>~’. Incorporating a cytoplasmic heavy chain
fusion however has shown when CD79a/b are absent that extending the cytoplasmic domain can enhances Ig
surface display by up to 10,000 fold*. For the selection of stable transfectants with [gM VH3-23 and IgL VL1-
47 integrated into the genome, zeocin and blasticidin were used respectively. The antibiotic was added to the
culture media as selection markers beginning from 48 h after transfection and were allowed to grow for 4 days
until colonies were isolated for subsequent screening. Screening of stable transfectants possessing the heavy
and light chain after 3 weeks were carried out by separation on 96 well plates and examining replicate plates by
IHC staining with HRP conjugated anti-Lambda Light Chain (Cat# NB7552 Novus Biologicals) and anti-IgM
Heavy Chain (Cat# 1020-05 Southern Biotech Inc) antibody. The isolated cell lines possessing both blasticidin
and zeocin resistance that were confirmed to display IgLambda and IgM were passaged to provide sufficient cells
for examination of the lysate by western blot (as seen in Fig. 2). In brief, after SDS-PAGE of the cell lysate and
overnight transfer to nitrocellulose membranes, the membranes were blocked in 1%BSA in PBS buffer overnight
at 4 °C. For light chain examination, the membrane was incubated for 1 h in 10 mL of washing buffer containing
1uL of 1 mg/mL anti-Lambda Light Chain directly conjugated with HRP (Cat# NB7552 Novus Biologicals). For
heavy chain examination, the membrane was incubated for 1 h with 10 mL of washing buffer containing 1 uL
of 1 mg/mL biotinylated anti-IgM Heavy Chain (Cat# M31515 Invitrogen) followed by washing and addition
of streptavidin conjugated HRP (Cat# 18-152 Sigma Aldrich). AEC staining was used to resolve the bands to
confirm the expressed heavy and light chains on the nitrocellulose membrane. The BZ-mCherry cell line was
established by the above method as well but with automated screening by FACS (BD FACS Melody) and visual
assessment by fluorescence microscopy (Nikon ECLIPSE Ti2-A).

Validation of oligomannosylation of IgM displayed on engineered cell line. To determine the
presence of oligomannosylation on the heavy chain or light chain, glycosidases Endo H, PNGase F, or Man-
nosidase were added to the lysate of BZ the cell line and compared by western blot to lysate of the HEK293
background cell. Approximately, 10° cells were lysed with 100 pL of RIPA buffer on ice for 30 min and centri-
fuged for 10 min at 13,000 rpm to pellet cell debris, and the supernatant was collected for further experiments.
Enzyme reaction conditions were prepared by the supplier’s (New England Biolabs, MA, USA) instructions and
their provided buffers. Briefly, mannosidase reaction was prepared by combining 8 L of the above-mentioned
cell lysate, 1 uL of 10 x GlycoBuffer 4 (1 x is 50 mM sodium acetate pH 4.5) and 1 pL of Mannosidase, and the
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Figure 7. Schematic of process for generating engineered BZ cell line. (A) Expression vectors based of

pFUSE were constructed with variable segments derived from consensus deep sequencing results of follicular
lymphoma B cells. Sequential isolation of stable cell lines under antibiotic selection and examination of
expression were carried out to identify the BZ cell line which provided the surface display of antibody possessing
the FL B cell derived variable domains.

mixture was incubated at 37 °C for 1 h. For Endo H and PNGase F enzyme reaction, the cell lysate was denatured
by combining 9 uL of cell lysate and 1 pL of 10 x denaturing buffer (1 x is 0.5% SDS and 40 mM DTT) and boiled
at 100 °C for 10 min. 8 pL of denatured cell lysate, 1 pL of 10 x Glycobuffer 3 (1 x is 50 mM sodium acetate pH
6.0) and 1 pL of Endo H were combined and incubated for 1 h at 37 °C. For PNGase F reaction, 7 pL of denatured
cell lysate, 1 pL of 10 x Glycobuffer 2 (1 x is 50 mM sodium phosphate pH 7.5), 1 uL of 10% NP-40 and 1 puL
of PNGase F were mixed and incubated at 37 °C for 1 h. Each reactant was mixed with protein loading dye and
boiled at 100 °C for 10 min. Samples were loaded and resolved by SDS-PAGE for 2 h at 120 V followed by over-
night transfer to nitrocellulose membrane at 4 °C. Membranes were blocked in 1% bovine serum albumin (BSA)
in 10 mM PBS buffer. For the images in Fig. 3, 1 uL of 1 mg/mL antibody, anti-IgM Heavy Chain conjugated with
HRP (Cat# 1020-05 Southern Biotech Inc) or anti-Lambda Light Chain conjugated with HRP (Cat# NB7552
Novus Biologicals), was diluted with 1 mL of washing buffer (1% BSA and 0.5% Tween-20 in 10 mM PBS) and
incubated overnight with slow horizontal agitation (50 rpm). After removal of the antibody containing buffer,
the membrane was washed three times with 10 mL of washing buffer for 10 min each with horizontal agitation.
10 mL 0f 0.05% AEC and 0.015% H,0, in 50 mM acetate buffer pH 5.5 was added to develop the membrane. The
complete panel of immunoblots images are provide in Supplementary Figure S6.

Flow assisted cell sorting.  FACS analysis of the HEK293, BZ, and BZ-mCherry cells was performed using
a BD FACS Melody system. Prior to analysis, cells were fixed and stored in 1% BSA in PBS. FITC labeled anti-
lambda light chain (Cat# NB7551 Novus Biologicals) antibody was diluted 1:2000 ratio and blocked with 1%
BSA in PBS buffer for 1 h at room temperature with rocking (50 rpm). 1 mL of blocked antibody was then incu-
bated with fixed cells for 30 min on ice with rocking. Cells were washed with 1 mL of blocking buffer, pelleted
by centrifugation at 500 rpm for 3 min and resuspended in 1 mL 0.1% BSA in PBS buffer and filtered through a
cell strainer prior to analysis. Details of the gating strategies used for FACS are provided in the Supplementary
Figures S4 and S5.

Formation of ectopic tumors in mice and fluorescence in vivo imaging. Mice which lack a fully
functional immune system, specifically 6 NOD-scid (NOD.CB17-Prkdc <scid>/]) mice at 9 weeks of age, were
obtained from The Jackson Laboratories (ME, USA). All animal experiments were approved by the Institu-
tional Animal Care and Use Committee (IACUC) of the University of Texas at Arlington and were conducted
in accordance with the approved standards of humane animal care. The mice were fed standard chow and water
ad lib and housed in the UT Arlington IACUC approved barrier facility under a 12 h light cycle. Three groups
of mice (one male and one female in each group) were used for the growth of non-murine HEK293 back-
ground, BZ, and BZ-mCherry derived tumors. Specifically, after one week of acclimation to the barrier facility,
the mice were anesthetized with 2% isoflurane followed by subcutaneous injection in the flank with 6 x 10° cells
per 100 pL PBS of either HEK293, BZ, or the BZ-mCherry cell line. The mice were returned to their cage and
monitored weekly for tumor growth at the location of the injection. When a palpable tumor had formed, the
animal was either euthanized to collect the tumor sample and surround tissue for further examination or instead
anesthetized, shaved, and subjected to fluorescence in vivo imaging using a Perkin Elmer IVIS Lumina XRMS
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Series IIT after which the mouse was euthanized for tissue collection. Imaging was conducted with the following
parameters: Emission = 620, Excitation =580, Bin =4/4, Fnumber =f2, exposure=0.5 s.

Harvesting of engrafted tumors and lysis orimmunohistochemistry. After mice were euthanized
by CO, and cervical dislocation, a small incision was made on the abdomen and the skin separated to expose
the underlying engrafted tumors. The tumor was excised, measured, and placed in either PBS for resuspension
and lysis (as described above for glycosidase assay or immunoblotting) or placed in OCT for flash freezing and
cryosectioning on polylysine slides at 5 um using a cryotome with sections stored at — 80 °C. For immunohis-
tochemistry, the sections were blocked overnight using 1% bovine serum albumin (BSA) in 10 mM PBS buffer.
1 uL of primary antibody (either anti-IgM heavy chain or anti-lambda light chain) was diluted with washing
buffer (1% BSA and 0.5% Tween-20 in 10 mM PBS) to 1 mL and incubated overnight with slow horizontal agita-
tion (50 rpm). The slide was washed with 10 mL of washing buffer for 10 min, three times with horizontal agita-
tion. 1 pL of secondary antibody conjugated with HRP was diluted to 2 mL and incubated for 30 min at room
temperature with agitation followed by three times washing. 10 mL of 0.05% AEC and 0.015% H,0, in 50 mM
acetate buffer pH 5.5 was added to develop the sections.

Data availability
All data generated or analysed during this study are included in this published article and through supplemen-
tary information.

Received: 5 July 2020; Accepted: 10 December 2020
Published online: 08 January 2021

References
1. Zhu, D. et al. Acquisition of potential N-glycosylation sites in the immunoglobulin variable region by somatic mutation is a dis-
tinctive feature of follicular lymphoma. Blood 99, 2562-2568 (2002).
2. Zhu, D,, Ottensmeier, C. H., Du, M. Q., McCarthy, H. & Stevenson, F. K. Incidence of potential glycosylation sites in immuno-
globulin variable regions distinguishes between subsets of Burkitt’s lymphoma and mucosa-associated lymphoid tissue lymphoma.
Br. J. Haematol. 120, 217-222 (2003).
3. McCann, K. J. et al. Remarkable selective glycosylation of the immunoglobulin variable region in follicular lymphoma. Mol.
Immunol. 45, 1567-1572 (2008).
4. Coelho, V. et al. Glycosylation of surface Ig creates a functional bridge between human follicular lymphoma and microenviron-
mental lectins. Proc. Natl. Acad. Sci. 107, 18587-18592. https://doi.org/10.1073/pnas.1009388107 (2010).
5. Krysov, S. et al. Surface IgM of CLL cells displays unusual glycans indicative of engagement of antigen in vivo. Blood 115, 4198-4205
(2010).
6. Stevenson, E K., Krysov, S., Davies, A. ], Steele, A. J. & Packham, G. B-cell receptor signaling in chronic lymphocytic leukemia.
Blood 118, 4313-4320 (2011).
7. Linley, A. et al. Lectin binding to surface Ig variable regions provides a universal persistent activating signal for follicular lymphoma
cells. Blood 126, 1902-1910 (2015).
8. Chiodin, G. et al. Mannosylation of the tumor immunoglobulin variable region informs cell of origin and environmental interac-
tions in DLBCL subsets. Blood 134(Supplement_1), 1505. https://doi.org/10.1182/blood-2019-127159 (2019).
9. Odabashian, M. et al. IGHV sequencing reveals acquired N-glycosylation sites as a clonal and stable event during follicular lym-
phoma evolution. Blood 135, 834-844 (2020).
10. van de Bovenkamp, E. S., Hafkenscheid, L., Rispens, T. & Rombouts, Y. The emerging importance of IgG Fab glycosylation in
immunity. J. Immunol. 196, 1435-1441 (2016).
11. Argos, B. V. et al. Lymphoma-specific subversion of b-cell receptor signaling by macrophage lectins. Blood 132(Supplement 1),
2865. https://doi.org/10.1182/blood-2018-99-110954 (2018).
12. Kippers, R. & Stevenson, F. K. Critical influences on the pathogenesis of follicular lymphoma. Blood 131, 2297-2306 (2018).
13. Roulland, S. Sugar-coated BCR kept during FL clonal evolution. Blood 135, 784-785 (2020).
14. Taylor, M. E. & Drickamer, K. Introduction to Glycobiology (Oxford University Press, Oxford, 2011).
15. Ohtsubo, K. & Marth, J. D. Glycosylation in cellular mechanisms of health and disease. Cell 126, 855-867 (2006).
16. Fuhrmann, U, Bause, E., Legler, G. & Ploegh, H. Novel mannosidase inhibitor blocking conversion of high mannose to complex
oligosaccharides. Nature 307, 755 (1984).
17. MacCallum, R. M., Martin, A. C. & Thornton, J. M. Antibody-antigen interactions: contact analysis and binding site topography.
J. Mol. Biol. 262, 732745 (1996).
18. Amé-Thomas, P. & Tarte, K. in Seminars in Cancer Biology. 23-32 (Elsevier, Amsterdam).
19. Eray, M. et al. Follicular lymphoma cell lines, an in vitro model for antigenic selection and cytokine-mediated growth regulation
of germinal centre B cells. Scand. J. Immunol. 57, 545-555 (2003).
20. Eray, M. et al. Cross-linking of surface IgG induces apoptosis in a bcl-2 expressing human follicular lymphoma line of mature B
cell phenotype. Int. Immunol. 6, 1817-1827 (1994).
21. Goval, J.-J. et al. The prevention of spontaneous apoptosis of follicular lymphoma B cells by a follicular dendritic cell line: involve-
ment of caspase-3, caspase-8 and c-FLIP. Haematologica 93, 1169-1177 (2008).
22. Kagami, Y. et al. Establishment of a follicular lymphoma cell line (FLK-1) dependent on follicular dendritic cell-like cell line HK.
Leukemia 15, 148-156 (2001).
23. Knuutila, S. et al. Two novel human B-cell lymphoma lines of lymphatic follicle origin: cytogenetic, molecular genetic and histo-
pathological characterisation. Eur. . Haematol. 52, 65-72 (1994).
24. Mitt6, M., Nuutinen, U. M., Ropponen, A., Myllykangas, K. & Pelkonen, J. CD45RA and RO isoforms have distinct effects on
cytokine-and B-cell-receptor-mediated signalling in human B cells. Scand. J. Immunol. 61, 520-528 (2005).
25. Meixlsperger, S. et al. Conventional light chains inhibit the autonomous signaling capacity of the B cell receptor. Immunity 26,
323-333 (2007).
26. Iype,]. et al. Differences in self-recognition between secreted antibody and membrane-bound B cell antigen receptor. J. Immunol.
202, 1417-1427 (2019).
27. Narimatsu, Y. et al. An atlas of human glycosylation pathways enables display of the human glycome by gene engineered cells. Mol.
Cell 75, 394-407 (2019).
28. Fukushima, P. I, Nguyen, P. K. T., O'grady, P. & Stetler-Stevenson, M. Flow cytometric analysis of kappa and lambda light chain
expression in evaluation of specimens for B-cell neoplasia. Cytom. J. Int. Soc. Anal. Cytol. 26, 243-252 (1996).

Scientific Reports |

(2021) 11:87 | https://doi.org/10.1038/s41598-020-79862-2 nature portfolio


https://doi.org/10.1073/pnas.1009388107
https://doi.org/10.1182/blood-2019-127159
https://doi.org/10.1182/blood-2018-99-110954

www.nature.com/scientificreports/

29. Alamyar, E., Giudicelli, V., Li, S., Duroux, P. & Lefranc, M.-P. IMGT/HighV-QUEST: the IMGT* web portal for immunoglobulin
(IG) or antibody and T cell receptor (TR) analysis from NGS high throughput and deep sequencing. Immunome Res. 8, 26 (2012).

30. Li, S. et al. IMGT/HighV QUEST paradigm for T cell receptor IMGT clonotype diversity and next generation repertoire immu-
noprofiling. Nat. Commun. 4, 1-13 (2013).

31. Brochet, X,, Lefranc, M.-P. & Giudicelli, V. IMGT/V-QUEST: the highly customized and integrated system for IG and TR stand-
ardized V] and VDJ sequence analysis. Nucleic Acids Res. 36, W503-W508 (2008).

32. Alamyar, E., Giudicelli, V., Duroux, P. & Lefranc, M. IMGT/HighV-QUEST: a high-throughput system and Web portal for the
analysis of rearranged nucleotide sequences of antigen receptors-High-throughput version of IMGT/V-QUEST. V-QUEST 11émes
Journées Ouvertes en Biologie, Informatique et Mathématiques (JOBIM), 7-9 http://www.jobim2010.fr/?q=fr/node/55 (2010).

33. Rao, R. S. P. & Bernd, W. Do N-glycoproteins have preference for specific sequons?. Bioinformation 5, 208 (2010).

34. Minuzzo, S. et al. Heterogeneous intracellular expression of B-cell receptor components in B-cell chronic lymphocytic leukaemia
(B-CLL) cells and effects of CD79b gene transfer on surface immunoglobulin levels in a B-CLL-derived cell line. Br. J. Haematol.
130, 878-889 (2005).

35. Vuillier, E et al. Lower levels of surface B-cell-receptor expression in chronic lymphocytic leukemia are associated with glycosyla-
tion and folding defects of the u and CD79a chains. Blood 105, 2933-2940 (2005).

36. Matsuuchi, L. et al. The membrane IgM-associated proteins MB-1 and Ig-beta are sufficient to promote surface expression of a
partially functional B-cell antigen receptor in a nonlymphoid cell line. Proc. Natl. Acad. Sci. 89, 3404-3408 (1992).

37. Venkitaraman, A. R., Williams, G. T., Dariavach, P. & Neuberger, M. S. The B-cell antigen receptor of the five immunoglobulin
classes. Nature 352, 777-781 (1991).

38. Knight, A. M., Lucocgq, J. M., Prescott, A. R., Ponnambalam, S. & Watts, C. Antigen endocytosis and presentation mediated by
human membrane IgG1 in the absence of the Iga/Igp dimer. EMBO J. 16, 3842-3850 (1997).

Acknowledgements

The authors would like to thank the University of Texas at Arlington for funds to support the research and animal
studies conducted in this work. LeNaiya Kydd received support by the National Institutes of Health (NIH) train-
ing award, NIH T32 HL134613. The content is solely the responsibility of the authors and does not necessarily
represent the official views of the National Institute of Health.

Author contributions

B.L and L.K performed experiments and contributed to design, acquisition and analysis of data. ].]J. developed
the concept of the study, contributed to data analysis and preparation of the manuscript. All the authors were
involved in the drafting and editing of the manuscript, read and approved the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-020-79862-2.

Correspondence and requests for materials should be addressed to J.J.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021, corrected publication 2021

Scientific Reports |

(2021) 11:87 | https://doi.org/10.1038/s41598-020-79862-2 nature portfolio


http://www.jobim2010.fr/?q=fr/node/55
https://doi.org/10.1038/s41598-020-79862-2
https://doi.org/10.1038/s41598-020-79862-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Engineering a reporter cell line to mimic the high oligomannose presenting surface immunoglobulin of follicular lymphoma B cells
	Results
	Identifying established follicular lymphoma B cell antibody sequence possessing characteristic CDR glycosylation site. 
	Confirmation of engineered cell line stably expressing surface IgM derived from FL B cell. 
	Examination for oligomannosylation of antibodies presented by the engineered BZ cells. 
	Developing murine tumors from engineered BZ cell line. 
	Examining BZ-mCherry reporter cell line. 

	Discussion
	Methods
	Cloning and isolating cells that stably express consensus variable Ig domains on surface IgM. 
	Validation of oligomannosylation of IgM displayed on engineered cell line. 
	Flow assisted cell sorting. 
	Formation of ectopic tumors in mice and fluorescence in vivo imaging. 
	Harvesting of engrafted tumors and lysis or immunohistochemistry. 

	References
	Acknowledgements


