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ABSTRACT

Full-length immunoglobulins (Igs) are widely considered difficult to crystallize because of their large size,
N-linked glycosylation, and flexible hinge region. However, numerous cases of intracellular Ig
crystallization are reported in plasma cell dyscrasias. What makes some Ig clones more prone to crystallize
during biosynthesis as well as the biochemical and cell biological requirements for this cryptic event are
poorly understood. To investigate the underlying process of intracellular Ig crystallization we searched for
model IgGs that can induce crystalline inclusions during recombinant overexpression. By testing various
subunit combinations through mixing and matching of individual subunit chains derived from a panel of
human IgG clones, we identified one secretion competent IgG24 that induced needle-like crystalline
inclusions in transfected HEK293 cells. Ig crystallization rarely occurred at steady-state cell growth
conditions but was easily induced when ER-to-Golgi transport was pharmacologically blocked. Homology
modeling revealed the presence of a prominent negatively-charged patch on the variable domain surface.
The patch was composed of eight aspartic acids, of which five were in the heavy chain variable region and
three were in the light chain. Crystallization occurred only when the two subunits were co-transfected and
the intracellular crystals co-localized with ER resident proteins. Furthermore, subtype switching from IgG2
to IgG1 and stepwise neutralization of the acidic patch independently abrogated Ig crystallization events.
The evidence supported that the formation of needle-like crystalline inclusions in the ER was underscored
by multivalent intermolecular interactions between the acidic patch and undefined determinants present
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on the y2 subunit constant region.

Introduction

The tractable first report on intracellular protein crystalliza-
tion event was published in 1917 by Glaus on multiple mye-
loma cells." Extensive immunohistological studies revealed
that the crystals occurring within the cytoplasm of plasma
cells were composed of assembled immunoglobulins (Igs) or
free subunit chains.”* Although numerous cases of intracellu-
lar Ig crystallization events have been documented to date in
a variety of human clinical samples associated with plasma
cell dyscrasias, the studies were mainly driven by “morpho-
logic curiosity”® and did not typically go beyond reporting the
crystal morphology, determining the isotypes of involved Ig
species, or identifying amino acid substitutions in the comple-
mentarily-determining regions (CDRs).® Nonetheless, accu-
mulation of electron microscopy data unequivocally showed
that crystals were housed in the ribosome-studded rough
endoplasmic reticulum (ER).”'> These findings implicated
that the Ig crystallization events were associated with biosyn-
thetic activities of plasma cells. It is important to note that the
crystalline inclusions reported in crystal-storing histiocyto-
sis'* and pseudo-Gaucher cells'® were of different origins
in that the Ig crystals were stored in the lysosomes of

macrophages and plasma cells, respectively, as a result of
impaired intra-lysosomal degradation. Notably, after 100 years
from the first report, the underlying molecular determinants
and cell biological requirements leading to the formation of
intracellular Ig crystals are still not well understood.

One important clue to understand the biochemical basis of
intra-ER antibody crystallization came from the work of
Rengers et al. (2000)"® where they investigated the spontaneous
Ig crystallization event in hybridoma cells expressing a mouse
monoclonal IgG3« clone 8A4. Rengers et al. noticed that two
variants of 8A4 hybridoma lost crystalline inclusion formation
and found out that the crystal loss was independently caused
by 3-amino acid deletion in the Vi or the HC subtype switch-
ing to IgG1."® Based on these observations, Rengers et al. pro-
posed that sequence-encoded properties within the variable
and constant domains of both subunits were responsible for
the intracellular crystallization of 8A4 mAb.'® Additional
insights came from the studies of Hasegawa et al.'” in which
the authors identified and characterized a human
IgG2x mAb that induced crystalline inclusions in the ER
during recombinant overexpression. One of the hallmark
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characteristics of this IgG2x mAb was the presence of a nega-
tively-charged cluster consisting of five aspartic acid residues
on the surface of variable domain.'” Neutralization of this
acidic patch abolished the mAb’s crystallizing propensity at the
neutral pH environment of the ER lumen.'” Transient expres-
sion studies using HEK293 cells demonstrated that even when
the IgG had high intrinsic propensities to crystallize, intra-ER
crystal nucleation did not take place unless the export-ready
IgG accumulated above a threshold concentration.'” Because
different cell types tend to have different capacities for protein
synthesis, folding and transport, the threshold concentration
can be reached spontaneously in some cell types, while a block-
ade of ER-to-Golgi transport may be required in others.'”'®

To obtain mechanistic insights into the intra-ER crystalliza-
tion of Ig molecules, we investigated the molecular determinants
and the nature of underlying protein—protein interactions that
make some mAbs crystallize in the ER. After mixing and match-
ing of various antibody subunit chain panels, we identified a
secretion competent model human IgG24 mAb that induced
crystalline inclusion bodies resembling a stack of fine needles.
Because of the non-cognate HC-LC pairing, the identified
human IgG24 had no known antigen specificities or biologic
functions. Homology modeling revealed that the model IgG24
possessed a prominent acidic surface patch on the variable
domain because of the sequence characteristics embedded in the
assembling y2-HC and A-LC subunits. Crystallization required
an accumulation of assembled IgGs to reach a certain threshold
concentration in the ER. In the employed HEK293 expression
system, such concentration was achieved after brefeldin A treat-
ment. Individual subunit chains by themselves were secretion
incompetent and were not able to induce crystalline inclusion
bodies. Furthermore, the disruption of acidic patch and the sub-
type switching from y2 to y1 independently abrogated the crys-
tallizing propensity. Collectively, the evidence supported that the
intra-ER crystallization event was underscored by multivalent
intermolecular interactions involving the negative charge patch
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on the variable domain and undefined elements present within
the y2-HC constant domain.

Results

Identification of a secretion competent human mAb that
has a prominent acidic surface patch consisting of eight
aspartic acids.

By using the cell phenotype screening assay we developed previ-
ously,'® we set out to identify a group of model mAbs that can
induce intracellular crystalline inclusion bodies. By mixing and
matching of the HC and LC subunits from a panel of human
IgG mAbs, we identified one such human IgG mAb denoted
as mAb-3 (see Fig. 1A). The mAb-3 is consisted of a human
y2-HC subunit that has five aspartic acid residues in CDR3 and
a human A-LC subunit that has three aspartic acids in CDR2.
Coincidentally, the HC subunit was derived from a previously-
investigated human IgG2« (denoted as mAb-1 in Fig. 1A) that
readily formed rod-shaped crystalline inclusions in the ER when
paired with its cognate x-LC '. The LC subunit, on the other
hand, was derived from a human IgG21 mAb (denoted as mAb-
2 in Fig. 1A) that was previously shown to exhibit high viscosity
problems °. Because the HC and LC subunits originated from
two distinct IgGs that recognized two unrelated antigens, the
resulting mAb-3 had no known antigen specificity or biologic
function. Homology modeling of the mAb-3 variable fragment
(Fv) illustrated that all eight aspartic acid residues in the CDRs
contributed to form a large acidic surface patch (estimated
~660 A% on the variable domain (Fig. 1 BC). The isoelectric
point of mAb-3 was predicted to be pH 6.63 (see Table-1).

To ensure the mAb-3 is a suitable model that supports cor-
rect folding, assembly and secretion, we next examined its
secretion competency by using a HEK293 cell transient expres-
sion system. By co-expressing the y2-HC and A-LC subunits,
277.3 + 52.3 mg/L (n = 18) of mAb-3 was secreted to the cell

Figure 1. Generation of a model human IgG mAb-3 possessing an acidic patch on the variable domain surface. (A) Schematic depiction of model mAbs. Two antibodies
shown at the top are mAb-1 (IgG2«) colored in orange and mAb-2 (IgG24) in green. Red circles located on the mAb-1's HC and mAb-2's LC represent the areas where neg-
atively charged amino acids are densely located. Five Asp residues are in mAb-1 CDR-H3. Three Asp residues are in mAb-2 CDR-L2. The mAb-1 y2-HC was paired with the
mAb-2 J-LC to generate mAb-3. Similarly, the mAb-1 «-LC was paired with the mAb-2 y2-HC to generate mAb-4 (shown in box). (B) A homology model showing the vari-
able fragment of mAb-3. The surface is color-coded by the underlying amino acid residue charge in which red is negative, blue is positive, and white is neutral. VH, heavy
chain variable domain. VL, light chain variable domain. (C) An overlay of the surface model and a corresponding ribbon diagram. Individual Asp residues comprising the
prominent acidic patch are shown with the respective residue using the AHo numbering system*3. Asp residues on CDR-H3 are shown in yellow background, while Asp

residues on CDR-L2 are shown in green background.
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Predicted Intracellular CB formation CB formation required Spontaneous CB induction ~ CB morphology Reference
Model antibody isoelectric point in HEK293 BFA treatment in stable CHO cell line
mAb-1 7.05 Yes Yes Yes thick rod 7' & This study
mAb-1 (G1 version) 8.09 No — — — unpublished data
mAb-1 (HC-D>A) 8.54 No — — — v
mAb-2 7.84 No - — — 19 & This study
mAb-3 6.63 Yes Yes — stack of fine needles This study
mAb-3 (G1 version) 7.16 No — — — This study
mAb-3 (HC-D>A) 7.78 No — — — This study
mAb-3 (LC-D>A) 713 No — — — This study
mAb-3 (HC-D>A/LC-D>A) 8.57 No — — — This study
mAb-4 8.60 No — — — This study
IgG1. 8.75 Yes Yes — long sharp needle '
19G2/ 8.36 Yes Yes Yes grain
1gG2/ (N297A) 8.36 No — — — 18
1gG3/. 8.80 No — — — 18
lgG4A 8.08 Yes No — short thick needle '8
Fab 8.66 Yes Yes — thin long rod 18

Note. -, not determined; CB, crystalline body; BFA, Brefeldin A;

culture medium in a 7-day batch cell culture process (Fig. 2A,
lanes 1 and 7; Fig. 2C, lanes 1 and 5; Fig. 2D, lanes 1 and 3).
When the culture medium sample was analyzed under non-
reducing conditions, the HC and LC assembled primarily into
~150 kDa species, as expected, but additional bands such as
~300 kDa, ~140 kDa and 110 kDa were also observed
(Fig. 2A, lane 7; Fig. 2C, lane 5). The presence of heterogeneous
species was somewhat expected due to known heterogeneity in
the inter-chain disulfide bond connectivity for human IgG2s.*°
We point out here that the polysera used to detect human IgGs
by Western blotting gave disproportionately weaker signals for
2-LCs comparted to those of k-LCs or HCs (see Fig. 2 CD, lanes
1-2; also shown previously in'®). Similar to many other HC
subunits, HC alone was not secreted to the culture medium,
although the protein was synthesized in the cells (Fig. 2A, lanes
2,5, 8). While LCs are typically secreted to the culture medium
as a mixture of monomers and covalently-linked dimers in the
absence of HC synthesis”’l&21 (see also Fig. 2C, lanes 4, 8, 12),
this model LC subunit was unusual in that the LC-only secre-
tion was barely detectable despite the LC synthesis (Fig. 2A,
lanes 3, 6, 9).

Mixing and matching of the individual subunit chains
between mAb-1 and mAb-2 can generate another IgG mAb
(denoted as mAb-4 in Fig. 1A, box). The mAb-4 was also secre-
tion competent with a 7-day production titer of 299.1 + 28.4
mg/L (n = 6) (Fig. 2C, lanes 2, 6, 10; Fig. 2D, lanes 2, 4). The
individual subunit chains that comprise mAb-4 behaved
expectedly. Namely, the LC alone was secreted as a mixture of
monomers and covalent dimers (Fig. 2C, lanes 4, 8, 12), while
the HC alone was not secreted (Fig. 2C lanes 3, 7, 11). Unlike
the case of mAb-3 (see below), mAb-4 did not produce any
notable cell phenotypes during recombinant overexpression in
HEK293 cells (data not shown).

Model mAb-3 induces crystalline inclusion bodies
resembling a stack of needles in HEK293 cells when
ER-to-Golgi transport is blocked.

After its secretion competency was confirmed, we next asked if
mAb-3 can induce CBs. Under steady-state normal cell growth

conditions, immunofluorescent microscopy revealed that intra-
cellular mAb-3 distributed to the ER and Golgi when both sub-
units were individually visualized, and there was no detectable
CB formation (Fig. 3A). Our previous studies'’® implicated
that secretion competent IgGs may not always accumulate to a
high enough concentration in the ER to reach a crystallizing
threshold in transiently transfected HEK293 cells. To overcome
this issue, we treated the cells with brefeldin A (BFA) to block
ER-to-Golgi transport (see Fig. 2B) and withheld the export-
ready IgG species in the ER. After 24 hr of BFA treatment,
from day-2 to day-3 post transfection, approximately 17% of
transfected cells (39 CB-positive cells/229 transfected cells)
developed CBs that resembled a stack of fine needles (Fig. 3B,
arrowheads). Unlike the CB phenotypes induced by two previ-
ously characterized human IgG clones,'”'®* mAb-3 CBs were
not readily discernible even with a DIC microscope. Further-
more, depending on the needle orientation, some CBs were dif-
ficult to detect. As a result, determining the accurate count of
CB phenotype frequency in a population of transiently trans-
fected HEK293 cells was not straightforward, especially when
thin needles were not in the plane of focus. Accordingly, the
phenotype percentage reported above can be lower than the
actual percentage due to undercounting.

Similar to the cases of previously reported CBs,””>*® the poly-
sera against individual subunit chains did not penetrate into the
CBs to stain them directly (Fig. 3B). This was somewhat
expected because the protein crystals were formed as a result of
liquid-solid phase separation, and the goat polysera could not
simply penetrate into the interior of crystalline objects made of
human IgG lattice. Nonetheless, in order to demonstrate these
needle-like inclusions were made of mAb-3 proteins (but not
of cellular proteins or salts) while simultaneously circumvent-
ing these molecular packing issues, we probed these thin nee-
dles with two different detection reagents smaller than the size
of antibodies. The first probe was a fluorescent-conjugated Fab
fragment (~50 kDa) generated from goat anti-human IgG
(H+L) polysera. The second was a fluorescent-conjugated
Protein A (~42 kDa). These two probes were able to label the
needle-like CBs effectively—and demonstrated the immuno-
globulin nature of CBs (Fig. 4A). Furthermore, the needle-like

17,18
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Figure 2. Model mAb-3 is secretion competent. (A) Cell culture media and whole cell lysate samples were prepared on day-7 post transfection and were subjected to SDS-
PAGE followed by Western blot using rabbit anti-human IgG (H + L) polysera. Harvested cell culture medium was loaded and analyzed under reducing conditions (lanes
1-3) or non-reducing conditions (lanes 7-9). Whole cell lysates were loaded under reducing conditions (lanes 4-6). Expected band for heavy chain (HC), light chain (LC),
or the whole IgG is marked by arrowhead and labeled accordingly. Anti-GAPDH blot is shown at the bottom as a loading reference. Both y2-HC (lanes 2, 8) and A-LC (lanes
3, 9) were secretion incompetent by themselves. The used constructs are shown at the top of corresponding lanes. (B) On day-2 post transfection, cell culture media were
replaced with fresh growth media with or without 15 ;+g/ml BFA and maintained in suspension format for 24 hr until day-3 when the cell culture media and cell pellets
were harvested and analyzed. The amount of mAb-3 protein secreted to the culture medium during the 24 hr BFA treatment is in lanes 1-2 (reducing conditions) and
lanes 5-6 (non-reducing conditions). The amount of IgGs detected in the cell lysates is shown in lanes 3-4 (reducing conditions). Anti-GAPDH blot is shown as a loading
reference for cell lysate samples. (C) Expression analysis of mAb-4. Cell culture media and whole cell lysate samples were prepared on day-7 post transfection and were
analyzed as above. Expected band for HC, LC, or whole IgG is marked by arrowhead and labeled. (D) Expression comparison of mAb-3 and mAb-4. Cell culture media
were harvested from mAb-3 and mAb-4 transfected cells on day-7 post transfection and analyzed under reducing (lanes 1, 2) or non-reducing (lanes 3, 4) conditions.
SDS-PAGE gel was stained by Coomassie blue.

CBs co-localized with ER markers such as ERp57 and BiP
(Fig. 4 BC). This co-localization supported that CBs were
housed in the membranes of ER origin. Co-localization with
the ER resident proteins also demonstrated that this crystal-
storing phenotype was distinct from pseudo-Gaucher cell phe-
notypes where Ig crystals were deposited in lysosomes."
Because this y2-HC subunit came from mAb-1 that readily
induced rod-shaped CBs in the ER,'” we suspected at first that

this ¥2-HC subunit might induce crystalline inclusions when
paired with any LCs. To address this concern we co-expressed
the y2-HC subunit of mAb-1/mAb-3 with an unrelated iso-
type-matched A-LC subunit (denoted as lambda-LC* in
Fig. 5A). Both under steady-state growth condition and BFA
treatment, this ad hoc control mAb failed to induce CBs
(Fig. 5A). Likewise, when the model A-LC of mAb-2/mAb-3
was co-expressed with its cognate mAb-2 y2-HC (denoted as
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Figure 3. The mAb-3 expressing cells induce needle-like crystalline inclusion bodies when ER-to-Golgi transport is blocked. Fluorescent micrographs of HEK293 cells trans-
fected to express mAb-3. On day-2 post transfection, HEK293 cells were resuspended in fresh cell culture media with or without 15 p.g/ml BFA, then immediately seeded
onto poly-lysine coated glass coverslips and statically cultured for 24 hr. On day-3, cells were fixed, permeabilized, and immuno-stained. Co-staining was performed by
using FITC-conjugated anti-gamma chain and Texas Red-conjugated anti-lambda chain polyclonal antibodies. Green and red image fields were superimposed to create
‘merge’ views. DIC and ‘merge’ were superimposed to generate ‘overlay’ views. (A) Subcellular localization of gamma-chain and lambda-chain in co-transfected cells was
visualized under steady-state normal cell growth conditions. Two representative image fields are shown. (B) Gamma- and lambda-chains of the mAb-3 were visualized
after 24 hr BFA treatment. Five representative image fields are shown. Crystal-laden cells are pointed by arrowheads in DIC images. The CB phenotype frequency after

the BFA treatment is stated in the text. Unlabeled scale bar represents 10 um.

gamma2-HC" in Fig. 5B), the resulting mAb-2 also failed to
induce CBs both at steady-state and under BFA treatment
(Fig. 5B). Therefore, the acidic surface patch composed of eight
Asp residues (five from CDR-H3 and three from CDR-L2) was
required for this needle-like crystallization event.

Individual subunit chains of mAb-3 are not able to induce
crystalline inclusion bodies when expressed alone.

There are at least two reported cases where the LC subunit
alone was sufficient to induce intracellular CBs. The first case
was a human A-LC expressed in bone marrow derived B lym-
phocytes from chronic lymphocytic leukemia patient,** and the
second was a murine hybridoma clone F10 expressing a
k-LC.*>*> To our knowledge there are no reported instances of
CB induction by the HC subunit alone.

To examine the crystallizing propensity, if any, of the indi-
vidual subunits comprising the model mAb-3, we expressed
each subunit chain individually and examined the transfected
cells by microscopy for the presence of notable cell phenotypes.
The LC-only expressing cells exhibited morular cell phenotype
in which the cells were filled with numerous spherules
(Fig. 6A). Immunofluorescent imaging indicated that those
spherules were composed of the LC proteins. Similarly, the HC
subunit of this model mAb also induced similar morular cell
phenotype (Fig. 6B). These spherule formations are the hall-
mark characteristics of protein condensation via liquid-liquid
phase separation in the ER.** Of note, morular cell phenotypes
are alternatively referred to as grape cells.”® Because both sub-
unit chains were secretion incompetent to begin with, we did
not evaluate the effects of BFA on cell phenotypes. The mor-
phological evidence presented here suggested that individual
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Figure 4. Needle-like crystalline inclusions co-localize with ER resident proteins. Fluorescent micrographs of HEK293 cells transfected to express mAb-3. On day-2 post
transfection, HEK293 cells were resuspended in fresh cell culture media containing 15 ;+g/ml BFA, then immediately seeded onto poly-lysine coated glass coverslips and
statically cultured for 24 hr. On day-3, cells were fixed, permeabilized, and immuno-stained. (A) Co-staining was performed by using Alexa Fluor 488-conjugated Protein
A and Alexa Fluor 594-conjugated Fab fragments generated from goat anti-human IgG (H + L) polysera. (B, C) Transfected cells were co-stained with Alexa Fluor 488-con-
jugated Protein A and anti-ERp57 (B) or anti-BiP (C). Green and red image fields were superimposed to create ‘merge’ views. Scale bars represent 10 pm.

subunit chains had intrinsically high condensation propensity
and therefore phase-separated into numerous spherical drop-
lets in the ER when the partner subunit was missing. These
observations led us to conclude that the crystallizing propensity
was separately embedded in individual subunits, but it was gen-
erated de novo only when the two subunit chains assembled
into a whole IgG molecule.

The negatively-charged surface patch on the variable
domain was not sufficient for crystalline inclusion
formation.

If the acidic patch on the variable domain surface is sufficient to
impart mAb-3 the crystallizing propensity, a subtype switched
version of mAb-3 would be equally prone to produce crystalline
inclusions in the ER. To test this possibility, we made a mAb-3
HC construct with the y1 subtype and co-expressed it with the
mAb-3 2-LC. Firstly, changing the subtype to IgGl did not
have a major effect on mAb secretion (232.7 £ 254 mg/L,
n = 4; Fig. 7 AB, lanes 1, 2, 11, 12). Secondly, the y1-HC

subunit was secretion incompetent by itself as expected
(Fig. 7 AB, lanes 4, 5, 9, 10, 14, 15). Thirdly, both at steady-state
and under BFA treatment, the IgG1 version of the mAb-3 failed
to induce CBs (Fig. 7C, D). Lastly, instead of inducing the char-
acteristic morular cell phenotypes, the y1-HC by itself distrib-
uted to the ER and Golgi, and did not produce notable cell
phenotypes (Fig. 7E). These results demonstrated that crystal-
lizing propensity emerged selectively when the HC subunit was
of the y2 subtype. Therefore, the acidic surface patch on the
variable domain alone was not sufficient to trigger this crystalli-
zation event.

The intact acidic patch is necessary for high-level secretion
and intracellular crystallization of mAb-3.

The results obtained above implicated that intermolecular
interactions between the variable domain acidic patch and the
IgG2 constant domain underscored this needle-like crystalline
formation. To examine the underlying intermolecular interac-
tions between these two separate elements from a different
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Figure 5. Crystalline inclusion bodies are not induced if 2-HC or A-LC of mAb-3 is replaced by an isotype-matched subunit chain. Fluorescent micrographs of HEK293
cells transfected with (A) mAb-3 y2-HC and unrelated isotype-matched A-LC (denoted as lambda-LC*) and (B) mAb-3 /-LC and mAb-2 y2-HC (denoted as gamma2-HC").
On day-2 post transfection, HEK293 cells were resuspended in fresh cell culture media with or without 15 1g/ml BFA, then immediately seeded onto poly-lysine coated
glass coverslips and statically cultured for 24 hr. On day-3, cells were fixed, permeabilized, and immuno-stained. Co-staining was performed by using FITC-conjugated
anti-gamma chain and Texas Red-conjugated anti-lambda chain polyclonal antibodies. In panels A and B, first two rows are the representative image fields under steady-
state growth conditions, whereas rows three and four are under BFA treatment. Green and red image fields were superimposed to create ‘merge’ views. DIC and ‘merge’

were superimposed to generate ‘overlay’ views.

perspective, we substituted the five Asp residues in CDR-H3
with Ala and/or the three Asp residues in CDR-L2 with Ala,
then examined the effects of stepwise Asp-to-Ala substitution
on secretion output and CB phenotype occurrence. When five
Asp residues of the CDR-H3 were mutated to Ala, the secretion
level dropped 45% to 154.8 + 15.6 mg/L (n = 4) (Fig. 8 AB,
lanes 1-2) compared to the parental mAb-3. Similarly, when
three Asp residues in CDR-L2 were substituted with Ala, the
secretion of the mutant mAb fell 60% to 109.3 £ 14.6 mg/L
(n = 4) (Fig. 8 AB, lanes 1 and 3). Lastly, when all eight Asp
residues were mutated to Ala simultaneously, the secretion titer
tell 76% to 64.5 = 12.6 mg/L (n = 4) (Fig. 8 AB, lanes 1 and 4).

Regardless of the Asp-to-Ala substitution, the HC and LC
subunits remained secretion incompetent by themselves (Fig. 8
A-C, lanes 5-8). Interestingly, Asp-to-Ala substitution in CDR-
H3 increased the aggregation propensity of the HC subunit as

evidenced by the appearance of high molecular weight species
even in the presence of SDS and S-mercaptoethanol (Fig. 8C,
lane 5). The secretion titer difference observed in Asp-to-Ala
mutants unexpectedly uncovered an additional role of the acidic
surface patch in maintaining mAb-3’s high-level secretion out-
puts, perhaps by modulating the solubility of mAb-3.

When it comes to the steady-state subcellular distribution of
mADbs, both HC and LC subunits localized broadly in the ER
and Golgi in the cells expressing parental mAb-3 (Fig. 9A) and
the cells expressing mutant mAb-3 in which either HC or LC
was mutated (Fig. 9 BC). When all eight Asp residues were
simultaneously mutated to Ala, there was an acute increase in
the induction of Russell body (RB) phenotypes®"*>*” (Fig. 9D,
~35%; 77 RB-positive cells/219 transfected cells). Furthermore,
while Asp-to-Ala mutated LC alone induced morular cell phe-
notype (Fig. 6C), Asp-to-Ala mutated HC now predominantly
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Figure 6. Individual subunit chains of mAb-3 do not induce crystalline inclusion bodies. Fluorescent micrographs of HEK293 cells transfected with (A) mAb-3 A-LC construct
alone, (B) mAb-3 y2-HC construct alone, (C) Asp-to-Ala mutated mAb-3 A-LC alone, and (D) Asp-to-Ala mutated mAb-3 2-HC alone. On day-2 post transfection, suspension
cultured cells were seeded onto poly-lysine coated glass coverslips and statically cultured for 24 hr. On day-3, cells were fixed, permeabilized, and co-stained with anti-CD147
and anti-lambda chain (A and C). In panels B and D, cells were co-stained with anti-CD147 and anti-gamma chain. Endogenous CD147 was stained to highlight cell shapes.
Green and red image fields were superimposed to create ‘merge’ views. DIC and ‘red’ were superimposed to generate ‘overlay’ views. Unlabeled scale bar represents 10 pm.

induced RB phenotypes (Fig. 6D). This notable phenotype
alteration reflected the changes in the condensation propensity
of HC subunit due to charge neutralization. These observations
were in good agreement with our previous findings showing
the correlation between the poor IgG secretion and the high
occurrence of RB phenotype.*"*’

BFA treatment induced the characteristic needle-like inclu-
sion bodies in the cells expressing the parental mAb-3 as before
(Fig. 10A, arrowheads). If one of the subunits was replaced by
the Asp-to-Ala version, resulting mAb-3 mutants no longer
induced CBs (Fig. 10 BC). When both subunit chains were
simultaneously replaced by the Asp-to-Ala mutant subunits, the
mAb induced the RB phenotypes more extensively (Fig. 10D,
~56%; 181 RB-positive cells/322 transfected cells). The results
clearly demonstrated the requirement of the intact acidic surface
patch in needle-like CB formation in the IgG2 subtype context.
The experiments in this section solidified that amino acid substi-

tutions that hamper intermolecular interactions between the vari-
able domain acidic patch and the y2-HC constant domain
abolished needle-like crystalline inclusion formation in the ER.

Discussion

Despite the abundant clinical and pathological case reports on
intracellular Ig crystals in plasma cells, there have been very
few studies that addressed the underlying processes of intracel-
lular Ig crystallization events. In this study, we elucidated one
such mode of an intra-ER Ig crystallization event using a
human mAb that possessed a prominent negatively-charged
surface cluster on the variable domain. The identified crystalli-
zation process required the interactions between the acidic
patch on the variable domain and still undefined elements on
y2-HC constant domain, and these interactions served as the
biochemical basis for multivalent interactions leading to the
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Figure 7. 1gG1 version of mAb-3 does not induce crystalline inclusion bodies. (A) Cell culture media were harvested on day-7 post transfection and were subjected to SDS-
PAGE under reducing conditions (lanes 1-5) or non-reducing conditions (lanes 11-15). Cell lysates were analyzed under reducing conditions (lanes 6-10). Western blot-
ting was performed using anti-human IgG (H + L) polysera. Constructs used are shown at the top of corresponding lanes. Expected band for HC, LC, or the whole IgG is
marked by arrowhead and labeled. (B) The same set of samples analyzed in panel A were stained by Coomassie blue dye. (C, D) Fluorescent micrographs of HEK293 cells
expressing the IgG1 version of mAb-3. On day-2 post transfection, HEK293 cells were resuspended in fresh cell culture media with or without 15 1£g/ml BFA, then seeded
onto poly-lysine coated glass coverslips and statically cultured for 24 hr. On day-3, cells were fixed, permeabilized, and immuno-stained. Co-staining was performed by
using FITC-conjugated anti-gamma chain and Texas Red-conjugated anti-lambda chain polyclonal antibodies. Green and red image fields were superimposed to create
‘merge’ views. DIC and ‘merge’ were superimposed to generate ‘overlay’ views. (E) Fluorescent micrographs of HEK293 cells transfected with the 31 version of mAb-3 HC
construct alone. On day-3, cells were fixed, permeabilized, and co-stained with anti-CD147 and anti-gamma chain. Green and red image fields were superimposed to cre-

ate ‘merge’ views. DIC and ‘red’ were superimposed to generate ‘overlay’ views.

formation of needle-like CBs in the ER. The details of actual
contacting interfaces and the underlying amino acid side chain
interactions await successful X-ray crystallographic studies
using the cell-derived crystals either in situ or after isolating

them from the cells. Whether we can technically isolate and
preserve these thin needles outside of the cells and whether
these needle-like crystalline bodies are of diffraction quality for
X-ray crystallography need to be investigated further.
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Figure 8. Stepwise neutralization of acidic surface patch progressively diminishes mAb-3 secretion. HEK293 cells were co-transfected with the parental subunits or the
Asp-to-Ala mutated subunits in various combination. Cell culture media were harvested on day-7 post transfection and were analyzed by SDS-PAGE under reducing (A)
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While intrinsic properties embedded in the mAb-3 itself (i.e.,
intact acidic patch and y2-HC subtype) were required to trigger a
crystallization event in the ER, they were not sufficient. As shown
previously for a different set of crystallizing human IgGs,"”'® the
concentration of assembled mAb-3 needed to surpass a certain
threshold concentration in the ER lumen before crystallization
could take place, perhaps via a rate-limiting nucleation step. In
the employed HEK293 transient expression system a pharmaco-
logical blockade of ER-to-Golgi transport helped mAb-3 proteins
reach such concentration. Determining the actual threshold con-
centration using purified protein components was not attempted
in this study because it would require a precise reconstitution of
physiological ER environment in test tubes.

Do all mAbs come to induce CBs in the ER if they possess a
prominent acidic surface patch on the variable domain? The
answer to this question seems to be “No.” Even though mAb-2
was predicted to possess an acidic surface patch composed of
three Asp residues in CDR-L2 (unpublished data), this anti-
body did not induce CBs under the same transfection and cell
culture conditions (see Fig. 5B). Likewise, the control mAb
shown in Fig. 5A also failed to induce CBs during overexpres-
sion despite it having an acidic surface patch composed of five
Asp residues. Evidently, there are still unknown physicochemi-
cal requirements in addition to just having a prominent acidic
patch in order to predispose the mAbs for CB formation. In an
attempt to find a potential relationship between the isoelectric
point of mAbs and the likelihood of CB formation, we summa-
rized relevant information in Table-1. By looking at those val-
ues, it seems difficult to find correlations among the CB-
inducing propensity, the isoelectric point of mAbs, and the
neutral pH of the ER lumen®,

Influence of localized surface charge cluster on the solution
behaviors of purified IgGs have attracted attention in biopharma-
ceutical formulation development. Accrued evidence showed that
localized charge clusters promoted self-association of purified
mAbs at high protein concentration, thereby resulting in unde-
sirably high solution viscosity or peculiar phase behavior.***’
Similar to the settings of biopharmaceutical formulation in glass
vials, the ER lumen is a highly crowded environment because of
the overexpressed secretory proteins and the ER resident proteins
that inevitably interact each other during protein biosynthesis.
For instance, in Hela cells, the concentration of ER-resident pro-
tein BiP alone was estimated to reach 90 to 120 mg/ml in the ER
after recombinant expression of a mouse Ig u-HC, while the
total protein concentration in the ER in the same cell can reach
200 to 300 mg/ml>" Whether the mAbs that display undesirable
solution behaviors in vitro would also induce noticeable cell phe-
notypes during mAb overexpression is an important topic that
needs to be addressed further.

There is one example of a human IgG24 clone that induced
grain-shaped CBs without revealing notable charge clusters on
the surface of its variable domain.'® For this particular IgG24
mAb, switching the HC subclass from 2 to y1 or y4 changed
the CB morphology drastically, while switching to y3 abrogated
crystallization.'® Evidently, different types of intermolecular
interactions other than something which relies on an acidic sur-
face patch appear to govern the intra-ER crystallization event of
this human IgG24 mAb. There is little doubt that different
mAbs call for different modes of intermolecular interactions and
threshold concentrations before crystallization ensues in the ER
lumen. Whether such conditions can be met under physiological
or abnormal cell growth conditions is an important factor that
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Figure 9. Neutralization of acidic patch leads to Russell body induction. Fluorescent micrographs of HEK293 cells transfected with the following construct(s): (A) the parental
HC and LC subunits; (B) Asp-to-Ala mutated version of HC and the parental LC; (C) the parental HC and Asp-to-Ala mutated version of LC; (D) Asp-to-Ala mutated versions of
HC and LC subunits. On day-2 post transfection, suspension cultured cells were seeded onto poly-lysine coated glass coverslips and statically cultured for 24 hr. On day-3, cells
were fixed, permeabilized, and immunostained. Co-staining was carried out with FITC-conjugated anti-gamma chain and Texas Red-conjugated anti-lambda chain polyclonal
antibodies. Green and red image fields were superimposed to create ‘merge’ views. DIC and ‘merge’ were superimposed to generate ‘overlay’ views.

dictates the prevalence of intracellular Ig crystallization events.
Genetic or epigenetic changes that are to occur in the trans-
formed plasma cells may play additional roles in promoting the
occurrence of Ig crystallization in plasma cell dyscrasias by mod-
ulating the biosynthetic capacity of afflicted cells.

Materials and methods
Detection antibodies and reagents

Mouse monoclonal anti-GAPDH (cat. MAB374) was obtained
from Chemicon. Mouse monoclonal anti-CD147 (cat. 555961)
was from BD Biosciences. Affinity purified rabbit polyclonal anti-
human IgG (H + L) polysera (cat. 309-005-082) used for Western
blotting and Alexa Fluor® 594-conjugatged Fab fragment goat
anti-human IgG (H+L) (cat. 109-587-003) used for imaging
were from Jackson ImmunoResearch Laboratories. FITC- or

Texas Red-conjugated goat polyclonal anti-human gamma-chain
(cat. 2040-02, cat. 2040-07) and anti-human lambda-chain (cat.
2070-02, cat. 2070-07) were from Southern Biotech. Alexa Fluor®
488-conjugated Protein A (cat. P11047), Alexa Fluor®-488, -594,
and -680 conjugated goat polyclonal anti-mouse IgG (H+ L) and
rabbit IgG (H+L) antibodies were purchased from Thermo
Fisher Scientific. All the chemicals and biological reagents were
obtained from Sigma-Aldrich unless specifically mentioned.

Expression constructs

Coding sequences for both LC and HC subunits of the human
mAb-1'7 and mAb-2 '* (see Fig. 1A, top) were obtained from
hybridoma cell lines derived from immunized Xenomouse™
by using the molecular cloning method described previously.*'
The nucleotide sequences encoding LC and HC subunits were
individually subcloned into pTT5 expression vectors (licensed
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Figure 10. Loss of acidic surface patch promotes Russell body induction under ER-to-Golgi transport block. Fluorescent micrographs of HEK293 cells transfected with the
following construct(s): (A) the parental HC and LC subunits; (B) Asp-to-Ala mutated version of HC and the parental LC; (C) the parental HC and Asp-to-Ala mutated version
of LG; (D) Asp-to-Ala mutated versions of HC and LC subunits. On day-2 post transfection, HEK293 cells were resuspended in fresh cell culture media containing 15 pg/ml
BFA, then seeded onto poly-lysine coated glass coverslips and statically cultured for 24 hr. On day-3, cells were fixed, permeabilized, and co-stained with FITC-conjugated
anti-gamma chain and Texas Red-conjugated anti-lambda chain polyclonal antibodies. Green and red image fields were superimposed to create ‘merge’ views. DIC and
‘merge’ were superimposed to generate ‘overlay’ views. Crystal-laden cells are pointed by arrowheads in panel A. Unlabeled scale bar, 10 um.

from National Research Council of Canada) by a set of
commonly used molecular cloning techniques. Site-directed
Asp-to-Ala amino acid substitutions were carried out by using
widely used PCR-based mutagenesis techniques.

Cell culture, transient transfection, and protein production
method

HEK293-EBNAI1(6E) cells (hereafter HEK293 cells) were
licensed from National Research Council of Canada for
research use. HEK293 cells were cultured in a humidified
Reach-In CO, incubator (37 °C, 5% CO,) using FreeStyleTM
293 Expression Medium (Thermo Fisher Scientific). HEK293
cells were maintained in suspension culture format in
Corning® Erlenmeyer cell culture flasks placed on an Innova
2100 shaker platform (New Brunswick Scientific) rotating at

110 rpm. Expression constructs were transfected into HEK293
cells using the protocol described in detail previously.*' To
express and produce whole IgG mAb, a designated pair of HC
and LC constructs were co-transfected at the plasmid DNA
ratio of one-to-one (normalized by mass). When individual
subunit chains were expressed separately, 50% of the total
DNA was substituted with an empty pTT5 vector to normalize
gene dosage. Difco yeastolate cell culture supplement (BD Bio-
sciences) was added to the cell culture at 24 hr post transfec-
tion. Cell culture media were harvested and the whole cell
lysates were prepared on day-7 post transfection for various
analytical purposes including IgG titer determination and
Western blotting. Concentration of human IgG in the har-
vested cell culture media was determined by bio-layer interfer-
ometry with an Octet RED96 (ForteBio) using Protein A
biosensor probes in 96-well microtiter plates.
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Immunofluorescent microscopy

To carry out fluorescent cell imaging at steady-state or under
ER-to-Golgi transport block conditions, growth media of sus-
pension cultured HEK293 cells were replaced with fresh media
without or with 15 ug/ml brefeldin A (BFA) at 48 hr post
transfection. Immediately after the media replacement, one
million cells were withdrawn from each shake flask and seeded
onto poly-L-lysine coated glass coverslips placed in 6-well
plates. After 24 hr of static cell culture, cells were fixed in 0.1 M
sodium phosphate buffer (pH 7.2) containing 4% paraformal-
dehyde for 30 min at room temperature. After washing steps in
PBS containing 0.1 M glycine, fixed cells were soaked in perme-
abilization buffer (PBS containing 0.4% saponin, 1% BSA, 5%
fish gelatin) for 15 min, followed by an incubation with primary
antibody diluted in the permeabilization buffer for 60 min.
After three washes in permeabilization buffer, the cells were
stained with secondary antibodies for 60 min in permeabiliza-
tion buffer. Coverslips were mounted onto slide-glass using
Vectashield mounting media (Vector Laboratories) and cured
overnight at 4 °C in the dark. The slides were analyzed on
Nikon Eclipse 80i microscope with a 100 x or 60 x CFI Plan
Apochromatic oil objective lens and Chroma FITC-HYQ or
Texas Red-HYQ filter. Images were acquired using a Cool
SNAP HQ2 CCD camera (Photometrics) and Nikon Elements
imaging software. To determine the prevalence of crystalline
inclusion bodies and Russell bodies in a population of trans-
fected cells, microscopic images of 10-30 fields were captured
for each construct set using 60 x objective lens. Based on the
anti-gamma and/or anti-lambda staining, the total number of
transfected cells was first determined. The number of desig-
nated phenotype-positive cells was then determined by visually
inspecting individual images.

SDS-PAGE and Western blotting

On day-7 post transfection, aliquots of suspension cell cul-
ture were withdrawn from shake flasks, and the culture
media were separated from cell pellets by centrifugation at
1000 g for 5 min. Harvested cell culture media were mixed
with 2 x SDS-containing denaturing sample buffer (Thermo
Fisher Scientific). Cell pellets were directly lysed in 1 x sample
buffer. Both samples were heated at 75 °C for 5 min.
To prepare protein samples under reducing conditions,
B-mercaptoethanol was included in the sample buffer to a
final concentration of 5% (v/v). To prepare samples under
non-reducing conditions, the reducing agent was omitted, but
2 mM N-ethylmaleimide was included as an alkylating agent
to quench reactive free cysteine residues. To normalize sample
loading, whole cell lysates corresponding to 12,000-12,500
cells were analyzed per lane. To compare the differences in
volumetric secretion titers, a sample volume equivalent to
5 ul of harvested culture medium was analyzed per lane. SDS-
PAGE was performed using NuPAGE 4-12% Bis-Tris gradi-
ent gel and a compatible MES SDS buffer system (both from
Thermo Fisher Scientific). Resolved proteins were electro-
transferred to a nitrocellulose membrane, blocked, and probed
with primary antibodies of choice. After three washes in PBS
containing 0.05% (v/v) Tween-20, the nitrocellulose mem-
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branes were probed with Alexa Fluor 680-conjugated second-
ary antibodies (Thermo Fisher Scientific). After three rounds
of washing, the membranes were scanned to acquire Western
blotting data using Odyssey® infrared imaging system (LI-
COR Biosciences).

Structural modeling of IgG variable fragment (Fv)

Homology models of mAb-3 were generated by the method
described previously.'” In brief, a suitable Fv template was
selected using the Antibody Modeling module in Molecular
Operating Environment (MOE; Chemical Computing
Group, Montreal, Canada), which considers structural reso-
lution and B-factors of the template structure in addition to
identity to query sequence. The individual CDRs were then
used to search the PDB’* to find CDR structure templates
from all known antibody structures that match in length to
the query CDRs. The best template was selected based on
highest identity to the query CDR, structural resolution,
and B-factors of the templates. The chosen template CDRs
were placed onto the chosen Fv framework by superposition
of the Ca carbons from the three residues on either side of
each CDR. The final homology model was built from this
template using MOE.

Abbreviations

CB crystalline body

CDR complementarity-determining region
CHO Chinese hamster ovary

DIC differential interference contrast
ER endoplasmic reticulum

Fab  antigen binding fragment

Fc crystallizable fragment

Fv variable fragment

HC  heavy chain

HEK human embryonic kidney

Ig immunoglobulin

LC light chain

mAb monoclonal antibody

RB Russell body
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