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the Sod7™~ mice compared with the WT mice at 50
weeks (P < 0.05) (Figure 3D).

The mean tear IL-10, IFN-y, MCP-1, and IL-12p70 lev-
els did not show significant differences from 10 to 50
weeks in both the Sod? ™/~ and WT mice. There were also
no significant differences in the mean IL-10, IFN-v,
MCP-1, and IL-12p70 concentrations between the WT
and the Sod71™~ mice at 50 weeks (data not shown).

IHC and Ultrastructural Evidence of Increased
Apoptosis in the Lacrimal Glands

Inflammation in the lacrimal gland has previously been
shown to be associated with apoptosis in acinar cells of

10weeks

& Sod1 7
£ witd Type Figure 3. Inflammatory lacrima£ gland, serum,
and tear alterations in the Sod7~/~ and WT mice.
A: Specimens stained with CD45 in the 10-week-
old Sod 1™/~ and WT mice showed scanty inflam-
matory cells. Note the relatively more intense stain-
ing in the specimen from the Sod7™™ mice at 50
weeks compared with the WT mice. The mean
inflammatory cell densities showed a significant
timewise increase from 10 weeks to 50 weeks in
both the Sod7™/~ and WT mice (P < 0.0001 and
P = 0.0031, respectively). Note the significantly
higher inflammatory cell density in the Sod1™/~
mice at 50 weeks compared with the WT mice
(P < 0.05). B: Specimens from the 50-week-old
Sod1™/~ mice were stained with anti-CD4, CD11b,
and Gr-1 antibodies. Note the CD4-positive cells
were dominant among inflammatory cells. The
CD4-positive cell density (lower panel) was signif-
icantly higher than either the CD11b- or Gr-1—
positive cell density. C: The mean serum IL-6 con-
centration in the Sod7™/” mice showed a
significant (7 = 0.009) timewise increase from 10
to 50 weeks. Serum TNF-« levels were also signif-
icantly higher (P = 0.009) in the Sod7™/" mice at
50 weeks compared with the WT mice at 50
weeks. A significant (P = 0.016) timewise increase
was seen in the mean TNF-a serum concentration
from 10 to 50 weeks in the Sod7™/~ mice. D: The
mean tear IL-6 concentration also showed a signif-
icant increase in the Sod1™/™ mice from 10 to 50
weeks (7 = 0.002). Note the significantly higher
IL-6 concentration (7 = 0.028) in the Sod1™/~
mice at 50 weeks compared with the WT mice at
50 weeks. The mean tear TNF-o concentrations
increased significantly from 10 to 50 weeks in both
the Sod7™"" and the WT mice. Note also the sig-
nificantly higher TNF-a concentration in the
I Sod1™~ mice compared with the WT mice at 50
* * weeks (P <X 0.05). Error bars indicate SD from at
M least five independent samples per group of three
separate experiments. */ < 0.05.
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the lacrimal glands in dry eyes associated with Sjogren
syndrome.®#% To investigate whether elevated oxidative
damage and inflammation status were associated with
increased cell death in the lacrimal glands of the current
mouse model, we performed immunofluorescence stain-
ing with TUNEL and caspase-3 antibodies. TUNEL assay
has been used to detect the DNA breakpoints and as-
sess apoptotic cells.>* Lacrimal gland samples from all
Sod1™’~ mice at 50 weeks showed marked positive
staining with TUNEL for apoptotic cells (572.21 cells/
mm?) compared with specimens from Sod7™~ mice at
10 weeks (110.05 cells/mm?2) and WT mice at 50 weeks
(247.21 cells/mm?). Increased positive staining was also
observed for the WT mice lacrimal gland specimens from
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Figure 4. IHC and ultrastructural evidence of apoptosis in the lacrimal glands. Az Lacrimal gland samples from all Sod7™" mice at 50 weeks showed marked
positive staining with TUNEL for apoptotic cells (572.21 cells/mm?) compared with specimens from Sod7™/" mice at 10 weeks (110.05 cells/mm?) and WT mice
at 50 weeks (247.21 cells/mm?). Increased positive staining was also observed for the WT mice lacrimal gland specimens from 10 weeks (27.11 cells/mm?) to 50
weeks (247.21 cells/mm?). B: Specimens from the Sod1™”~ mice at 50 weeks displayed relatively more positive staining (178.63 cells/mm?) with caspase-3
antibodies for apoptotic cells compared with specimens from Sod7™/~ mice at 10 weeks (65.39 cells/mm?) and WT at 50 weeks (116.43 cells/mm?). C: Note the
evidence for apoptosis (A; arrows) in acinar epithelial-cells by transmission electron microscopy. Specimens from the Sod7™™ mice at 50 weeks exclusively and
prominently displayed fragmentation and shrinkage of the nuclei, cytoplasmic vacuole formation, and loss of nuclear membranes. The areas indicated by circles

and ellipses correspond to the lacrimal gland acinar ducts (D). Images are representatives of at least five independent samples per group.

10 weeks (27.11 cells/mm?) to 50 weeks (247.21 cells/
mm?) (Figure 4A). We also performed cleaved caspase-3
staining by immunofluorescence. Caspase-3 has been re-
garded to be an important mediator of apoptosis.®* Speci-
mens from the Sod7™™ mice at 50 weeks displayed rela-
tively more positive staining (178.63 cells/mm?) with
caspase-3 antibodies for apoptotic cells compared with
specimens from Sod7™~ mice at 10 weeks (65.39 cells/
mm?) and WT mice at 50 weeks (116.43 cells/mm?) (Figure
4B). We also sought for evidence of apoptosis in acinar
epithelial cells by transmission electron microscopy. A total
of 88.2% of the specimens from the Sod7™~ mice at 50
weeks displayed marked fragmentation and shrinkage of
the nuclei, cytoplasmic vacuole formation, and loss of nu-
clear membranes (Figure 4C). Such changes were not ob-
served in specimens of WT mice at 10 and 50 weeks and
Sod7™~ mice at 10 weeks (data not shown).

Lacrimal Gland Fibrosis and Related Morphologic
Alterations in the Sod1™/~ and WT Mice

As shown in Figure 5A, tacrimal glands removed from the
10-week-old WT and Sod1~/~ mice showed normal duc-

tal and acinar cell morphologic features and lobular ar-
chitecture separated by interlobular connective tissue. At
50 weeks, lacrimal glands in the Sod1™/~ mice exclu-
sively developed a severe inflammatory response with
inflammatory cells invading the interlobular spaces sur-
rounding both acinar and ductal cells. Lobular atrophy
due to atrophy of the acinar cells, interlobular and peri-
ductal fibrosis, and interlobular duct dilatation were ob-
served. Slight periductal and interlobular fibrosis together
with a few inflammatory cells were also noted in the WT
mice lacrimal gland specimens. To further describe the
extent of fibrosis, Mallory staining was performed, which
stains areas of fibrosis with a dark biue color.?*?" Almost
no interlobular fibrosis was observed in both Sod7~/~
and WT mice at 10 weeks. Extensive interlobular and
periacinar Mallory staining was observed in the lacrimal
gland specimens of all Sod7~/~ mice at 50 weeks, with
some slight interlobular positive staining observed in the
age-matched WT mice (Figure 5B).

To quantify the lacrimal gland acinar unit densities, we
counted the number of acinar units within a fixed area for all
samples. We observed that there were no statistically sig-
nificant differences between the mean acinar unit densities
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of Sod1~/~ (780.89 = 150.05 units/um?) and WT (794.39 =
78.75 units/um?) mice at 10 weeks. There was a decrease
in the mean acinar unit densities from 10 weeks to 50 weeks
in both Sod7 ™~ and WT mice (Figure 5C). The mean acinar
unit density in the lacrimal gland specimens of the Sod7 ™~
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mice at 50 weeks (379.72 = 92.78 units/um?) was signifi-
cant lower than the acinar unit density in the WT mice at 50
weeks (514.58 =+ 47 .43 units/um?) (P < 0.001).

Evaluation of EMT in Lacrimal Glands of
Sod1~/~ and WT Mice

To further study the processes involved in lacrimal gland
fibrosis, we decided to investigate the presence of EMT
in the lacrimal gland. Lacrimal gland specimens were
immunostained with epithelial and mesenchymal mark-
ers, namely, E-cadherin and a-SMA. Type | collagen was
expressed in basement membranes of acinar cells in
both Sod7™~ and WT mice (Figure 8, A-D). In eyes of
50-week-old Sod7~/~ mice, disruption of basement
membrane was observed (Figure 6D). a-SMA immuno-
staining was observed in the periacinar areas of the ep-
ithelial cells in all specimens (Figure 6, E-H). The number
of a-SMA-positive cells was significantly higher in the
50-week-old Sod7~/~ mice compared with the WT mice.
On the other hand, positive E-cadherin staining was ob-
served in the intercellular junctions between adjacent
lacrimal gland acinar cells (Figure 6, I-L), and expression
was lower in the 50-week-old Sod?~/~ mice compared
with the WT mice (Figure 6L). To further quantify the
mRNA expression levels of EMT-related markers, SYBR
Green-based quantitative real-time PCR was performed.
The expression of Snail, which is an inducer of EMT, was
significantly higher in the 50-week-old Sod7~/~ mice than
in 50-week-old WT and 10-week-old Sod7~/~ mice (Fig-
ure 6M). The expression of a-SMA, which is a mesenchy-
mal cell marker, was significantly higher in the 50-week-
old Sod?~/~ mice than in 50-week-old WT mice (Figure
BN). The expression of E-cadherin, which is an epithelial
cell marker, was significantly lower in the 50-week-old
Sod1~'~ mice than the 50-week-old WT mice, the 10-
week-old Sod?™/~ mice, and the 10-week-old WT mice
(Figure 60). The expression level of the a-SMA/E-cad-
herin ratio was significantly higher in the 50-week-old
Sod1™/~ mice than the 50-week-old WT mice, 10-week-
old Sod?1™/~ mice, and 10-week-old WT mice (Figure 6P).

Figure 5. Evidence of further morphologic alterations in the Sod7™/™ and
WT mice lacrimal glands. A: Lacrimal glands from the 10-week-old WT and
Sod1™/™ mice showed normal ductal and acinar cell morphologic features. At
50 weeks, lacrimal glands in the Sodl™~ mice exclusively developed a
severe inflammatory response, with inflammatory cells invading the inter-
lobular spaces surrounding both the acinar and ductal cells. Lobular atrophy
due to atrophy of the acinar cells, interlobular and periductal fibrosis, and
interlobular duct dilatations were observed. Slight periductal and interlobular
fibrosis together with a few inflammatory cells were also noted in the WT
mice lacrimal gland specimens. B: Extensive interlobular and periacinar
fibrosis was observed in the lacrimal gland specimens of all Sod1™~ mice at
50 weeks, with some slight interlobular positive staining in the age-matched
WT mice. Images in A and B are representatives of at least five independent
samples per group. C: No statistically significant differences were found
between the mean acinar unit densities of the Sod 7™~ and WT mice at 10
weeks. There was a timewise decrease in the mean acinar unit densities from
10 weeks to 50 weeks in both Sod7 ™/~ and WT mice (2 < 0.0001). The mean
acinar unit density in the lacrimal gland specimens of the Sod7™~ mice at 50
weeks was significant lower then the acinar unit density in the WT mice at 50
weeks (*P < 0.001, Mann-Whitney test). Data in C represents the mean and SD
of combined data from seven mice per group and are representative of three
separate experiments.
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Figure 6. IHC and quantitative transcript evaluation of EMT in the lacrimal gland of WT and Sod1™/~ mice. THC using anti—collagen type I antibody (A-D)
revealed disruption of basement membrane in 50-week-old Sod7™/~ mice (D). Arrowhead showed the location of basement membrane disruption (D). IHC
staining of @-SMA (E-HD) in 50-week-old Sod7™"~ mice (H) increased compared with 50-week-old WT mice (F). On the other hand, IHC staining of E-cadherin
(L) in 50-week-old Sod7™”" mice (L) decreased compared with 50-week-old WT mice (J). M: Quantitative real-time PCR revealed that Snail expression in
50-week-old Sod ™"~ mice was higher than 50-week-old WT mice and 10-week-old Sod7™"~ mice. N: a-SMA expression in 50-week-old Sod7~~ mice was higher
than 50-week-old WT mice. O: E-cadherin expression in 50-week-old Sod™”~ mice was lower than in 50-week-old WT mice, 10-week-old WT mice, and

10-week-old Sod1™"" mice. P: The a-SMA/E-cadherin ratio in 50-week-old Sod™~ mice was higher than in 50-week-old WT mice, 10-week-old Sod1™"~

and 10-week-old WT mice. *P < 0.05.

Ultrastructural Evidence for EMT in the Lacrimal
Glands

Electron microscopy observation of lacrimal gland in the
50-week-old Sod?™/~ mice revealed loss of polarity of
acinar epithelial cells, which is feature of EMT (Figure 7).
Higher magnification of electron microscopy also re-
vealed the presence of secretory vesicles and microvilli
toward the interstitial area with evidence of increased
collagen lay-down (Figure 7).

Lacrimal Gland Secretory Functions Decrease
Overtime in the Sod1~/~ Mice, Leading to
Ocular Surface Disease

We measured agueous tear production with the cotton
thread test and divided the values by the respective

mice,

mouse weights at 10 and 50 weeks. Weight-adjusted
agueous tear production measurements were signifi-
cantly lower in the Sod?™~ (n = 17) mice compared with
the age- and sex-matched WT (n = 14) mice at 10 weeks
and 50 weeks (10-week-old Sod?7™/~ mice: 0.094 =
0.077 ul/g; 50-week-old Sod?™~ mice: 0.050 = 0.035
wl/g; 10-week-old WT mice: 0.175 = 0.112 pl/g; and
50-week-old WT mice: 0.168 = 0.089 ul/g) as shown in
Figure 8A. A significant decrease of tear production from
10 to 50 weeks was also observed in the Sod7 ™"~ mice
(P = 0.026) (Figure 8A). On stimulation with pilocarpine, the
tear secretion tended to decrease from 10 to 50 weeks in
the Sod?1™~ mice with a tendency to increase in the WT
mice without statistical significance. However, pilo-
carpine-stimulated tear secretion was significantly lower
(P = 0.0364) in the Sod7™~ mice at 50 weeks (0.034 +
0.009 ul/g) compared with the WT mice (0.079 = 0.010
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Figure 7. Electron microscopy of lacrimal gland in 50-week-old Sod?

mice. Note the loss of polarity of the acinar epithelial cell (star) with the microvilli

(arrowhead) and secretary vesicles facing the mesenchymal area, which has abundant collagen fibers (arrow). Right panel is an enlargement of the boxed

region of the left panel

unlL/g) (Figure 8B). Not only the agueous tear but also the
total protein secretion measured at 50 weeks was signif-
icantly less in the Sod7™~ mice (0.920 + 0.968 ug/mL/
g/min) compared with the WT mice (3. 433 = 2.467
ug/mbL/g/min) (P = 0.024) (Figure 8C). Cotton thread test
measurements revealed mean tear quantity values of
0.083 = 0.067 mm/g and 0.124 *= 0.065 mm/g in the
Sod1™’~ mice and WT mice, respectively. We also found
that 87.5% of the Sod7 ™"~ mice and 5.9% of the WT mice
at 50 weeks were below the cutoff value. In addition,
5.4% of the SOD1 knockout mice and 2.7% of the WT
mice at 10 weeks had dry eye disease (data not shown).
We observed, by transmission electron microscopy
examination, that the secretory vesicles in the lacrimal
gland acinar cells appeared as gray-black, electron-
dense, round-oval bodies. We noted a relative accumu-
lation of secretory vesicles in the acinar epithelia in
Sod17™/~ mice from 10 to 50 weeks (Figure 8D). After
quantifying the density of secretory vesicles, we noted a
significant accumulation of secretory vesicles in the aci-
nar epithelial cells from 10 weeks (5658.14 = 90.04 vesi-
cles per frame) to 50 weeks (709.80 = 91.25 vesicles per
frame) in the Sod1™/~ mice (P = 0.03). The number of
secretory vesicles did not change significantly in the WT
mice from 10 weeks (284 = 90.82 vesicles per frame) to
50 weeks (460.60 = 125.46 vesicles per frame) as shown
in Figure 8E (P = 0.076). The differences in the number of
secretory vesicles per area between the Sod7™”~ mice
and the WT mice at 10 weeks were statistically significant
(P = 0.006). The mean number of secretory vesicles was
also significantly higher in the Sod7 ™~ mice at 50 weeks
than the WT mice at 50 weeks (P = 0.003) (Figure 8E).
Decreased tear output has been shown to be associ-
ated with establishment of a dry eye ocular surface mi-
lieu, leading to ocular surface epithelial damage.” The
mean fluorescein staining score in the Sod7 ™~ mice was
significantly higher (P = 0.001) than the WT mice at 10
(2 = 1 points) and 50 weeks (2.21 = 1.42 points). The
mean fluorescein score also showed a significant in-
crease (P = 0.026) from 10 (4.3 = 1.06 points) to 50
weeks (5.5 = 1.76 points) in the Sod? ™~ mice (Figure 8F).

Representative corneal fluorescein stainings at 50 weeks
are shown in Figure 8G. Whereas corneal epithelium from
the WT mice displayed no or minimal punctate staining,
the corneal epithelium in all Sod7™~ mice had marked
corneal epithelial damage.

Evidence for Presence of Age-Related Increase
of Oxidative Stress and Morphologic Alterations
in Human Lacrimal Glands

Human samples were studied under institutional review
board permission at Keio University School of Medicine.
H&E and Mallory staining revealed acinar unit atrophy;
interstitial, periacinar, and periductal fibrosis; and cystic
duct dilatation with inflammatory cells in the lacrimal
gland specimens from older individuals, which were not
observed in the younger individuals (see Supplemental
Figure S1 at http://ajp.amjpathol.org). Staining of the lac-
rimal gland specimens in the older individuals with anti-
4-HNE antibodies showed marked staining of acinar
units, indicating increased lipid oxidative damage com-
pared with the scanty staining observed in the younger
group of individuals. There was also comparably more
and prominent staining for 8-OHJG, indicating extensive
DNA damage in the lacrimal gland specimens of the
older individuals compared with the younger individuals.
Lacrimal gland specimens from older individuals also
showed marked infiltration with CD45-positive inflamma-
tory cells compared with the younger individuals.

Discussion

Previous experimental animal studies proposed that
Sod1~/~ caused an elevated oxidative stress status, re-
sulting in various aging phenotypes, such as muscle®®
and skin atrophy,®” bone weakness,*® fat liver deposits,
hepatic carcinoma,® and hemolytic anemia.*®*" In hu-
mans, oxidative stress has been reported to be involved
in many systemic diseases, including Parkinson’s dis-
ease,** Alzheimer's disease,** % amyotrophic lateral
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sclerosis,*® cardiovascular diseases,*”*® cancer,?%49:50
and ischemic disorders due to oxygen reperfusion injury
followed by hypoxia.®'*? Oxygen free radicals and anti-
oxidant systems have been demonstrated to be poten-
tially important in the pathogenesis of ocular diseases,
such as cataract,5® uveitis,® retinopathy of prematu-
rity,®® AMD,”® keratitis,”” keratoconus, and bullous kera-
topathy.>® The role and relation of oxidative stress in the
pathogenesis of dry eye disease have not been investi-
gated in an aging animal model or in humans before.

The Sod1™~ mouse has been shown by us to be a good
model for studying retinal oxidative stress changes, which
were found to be strongly related to the morphologic and
functional retinal alterations similar to human AMD.*

In this study, we investigated whether histopathologic
alterations existed in the lacrimal glands of the Sod7~~
mice and whether these changes translated into func-
tional glandular disturbances, causing dry eye disease.
Because the amount and activity of Sod7 are the highest
among the three isozymes in humans, it seemed reason-
able to hypothesize that the lack of Sod7 would acceler-
ate oxidative stress and age-related pathologic changes
in the lacrimal glands of the Sod7™"~ mice.*®

We observed extensive lipid and DNA oxidative stress
damage in the lacrimal gland acinar epithelia, which ap-
peared to increase with aging from 10 to 50 weeks in both
the knockout and WT mice. The DNA damage seemed to
be more extensive in the old Sod?™"~ mice compared
with the old WT mice. Elevation of serum 8-OHdG pro-
vided additional evidence on general cellular DNA dam-
age in the Sod7~/~ mice. Oxidative stress-related cellular
DNA damage has previously been demonstrated in
heart, brain, muscles, liver, red blood cells, and other
organs in several age-related diseases, including cardio-
vascular disorders, neurodegenerative diseases, and
Cal’]Cer.25'39‘43'47'48‘60’61

Our observations suggested an accelerated oxidative
lipid and DNA damage in the lacrimal glands of Sod1™"~

Figure 8. Changes in lacrimal gland secretory functions and corneal epithe-
lial damage over time in the Sod7™/”~ and WT mice. A: Weight-adjusted
aqueous tear production measurements were significantly lower in the
Sod1 ™/~ mice compared with the WT mice at 10 weeks and 50 weeks. A
significant timewise decrease of tear production from 10 to 50 weeks was
also observed in the Sod7™/~ mice (P = 0.026). B: There is significantly
lower tear production with pilocarpine stimulation in the Sod7™/™ mice at 50
weeks. C: At 50 weeks the amount of protein produced, after carbachol
stimulation, by the Sod7™"~ mouse group was lower compared with the WT
group. D: There is marked timewise accumulation of secretory vesicles in the
lacrimal glands of the Sod1™"" mice. E: There is significant accumulation of
secretory vesicles in the acinar epithelial cells from 10 weeks to 50 weeks in
the Sod1™~ mice (P = 0.030). The number of secretory vesicles did not
change significantly in the WT mice from 10 weeks to 50 weeks (P = 0.076).
The differences in the number of secretory vesicles/area between the
Sod1™’~ and WT mice at 10 weeks were statistically significant (P = 0.006);
the mean number of secretory vesicles was considerably higher in the
Sod1™/" mice at 50 weeks than the WT mice at 50 weeks (P = 0.003). F:
Changes in corneal epithelial damage scores assessed by fluorescein staining
in the Sod7™"~ and WT mice. A statistically significant timewise increase in
the fluorescein staining score was observed in the Sod7™"~ mice. Note the
significantly higher scores in the Sod 77" mice compared with WT mice at 50
weeks. G: Representative photomicrographs of fluorescein staining test in the
50-week-old mice. Note the extensive corneal epithelial damage in the
Sod1™/~ mouse compared with the WT mouse at 50 weeks. Error bars
indicate SD from at least five independent samples per group of three
separate experiments,
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mice compared with WT mice, also strengthening our
belief that these changes might have very well resulted
from accumulation of reactive oxygen species in the lac-
rimal gland cellular architecture, especially in mitochon-
dria. Accumulation of reactive oxygen species has been
shown and linked to mitochondrial alterations in humans
and animal models of age-related diseases**4%:%2-6%
with striking disturbances in the mitochondrial architec-
ture, including mitochondrial swelling, rupture of mem-
branes, and disruption of cristae changes, which were
also observed in our Sod7~~ mice.

Such alterations in the mitochondrial cytoskeleton have
also been linked to activation of apoptotic signals, initiat-
ing cell death.®¢~®° We showed an increase in the pro-
cess of apoptotic cell death over time in the lacrimal
glands of the Sod?7™”~ and WT mice by confirming in-
creased TUNEL and caspase-3 staining with a compar-
atively greater extent of staining in the old Sod7~"~ com-
pared with old WT mice. Fragmentation of nuclei and
vacuolar changes in the lacrimal gland acinar epithelia
provided further ultrastructural evidence of the presence
of apoptosis as a possible mechanism of cell death in this
study. This observation differs from that of Hashizume et
al,”® who found both apoptosis and necrosis in the retina
of the Sod7™"~ mice. We believe this difference in cell
death mechanisms is attributable to light exposure pro-
tected ocular anatomical location of the lacrimal gland.

We think increased caspase-3 staining overtime in our
knockout mice is an important observation because even
a small amount of caspase-3 activation has been shown
to be sufficient to initiate genomic DNA breakdown, lead-
ing to apoptotic cell death.”! Nonapoptotic functions of
caspase-3 include induction of inflammation through lym-
phocyte proliferation and antigen presentation.”= ">

We noted an altered “inflammation status” in the lacri-
mal gland tissue with significant increases in the lacrimal
gland inflammatory cell infiltrate densities in both
Sod1™’~ and WT mice overtime, with the difference be-
coming more significant in the old knockout than the old
WT mice. These observations were consistent with pre-
vious studies that showed increased focal infiltrates in
lacrimal glands with a variety of inflammatory cells with
aging.”~"? In this study, we observed that the inflamma-
tory cells were predominantly CD4 ™ T cells at 50 weeks in
the Sod7~/~ mice. We previously reported that the con-
junctival and lacrimal gland tissues of the Sod7~/~ mice
also became simultaneously infiltrated with CD45 and
CD4™ celis from 30 weeks and predominate the lacrimal
gland and conjunctival tissues densely at 50 weeks (with-
out evidence of corneal infiltration), with a simultaneous
decrease in goblet cell density, Muc5ac mRNA expres-
sions in RT-PCR, and a decrease in tear quantity from
approximately 30 weeks becoming significant at 50
weeks (unpublished data). The lacrimal/conjunctival or
the corneal tissues of the Sod?7™”~ mice lacked any
marked infiltration at 10 weeks, which excludes the pos-
sibility of an inflammatory process being the cause of
corneal staining observed in the mice at that age. The few
inflammatory cells observed were cells tracking or patrol-
ling the lacrimal gland tissues.

Inflammatory cells have been reported to release sev-
eral cytokines that play an important role by initiating or
further adding to the process of apoptotic cell
death.5°®2 | ikewise, lacrimal gland epithelial cells in an
inflamed environment have been shown to express cyto-
kines in dry eye disease and with aging.®® This study
noted significant increases in two cytokines in the old
knockout mice compared with the old WT mice: TNF-«
and IL-6. TNF-a has indeed been demonstrated in in-
creased amounts in the lacrimal glands of old but not
young mice.'" Increased TNF-«a and IL-6 concentrations
have also been shown in dry eye syndromes in previous
studies.”® 1184785 The reported roles for TNF-« include
induction of inflammation and cell death, and those for
IL-6 include induction of inflammation and fibro-
sis.8387-90 The cytokine alterations observed in this study
go along well and are consistent with increased inflam-
matory cell density in our knockout mice model with ag-
ing. Again, consistent with the cytokine alterations, we
observed an exaggerated fibrosis of the interstitium in the
lacrimal glands of the old Sod7 ™~ mice, which was also
comparatively more extensive than the lacrimal glands of
the old WT mice.

To extensively study the mechanisms involved in the
process of fibrosis, we decided to investigate the
changes in EMT markers in both WT and Sod7™~ mice.
EMT plays a crucial role not only in physiologic condi-
tions, such as embryonic development or tissue remod-
eling, but also in pathologic conditions, such as cancer
and organ fibrosis.®" Pathologic EMT has been reported
to be induced by inflammatory cytokines, reactive oxy-
gen species, hypoxia, UV irradiation, and nicoting.%* %%
EMT-inducing inflammatory cytokines include transform-
ing growth factor B, TNF-a, and IL-6,7*9° the last two of
which were significantly increased in tears and serum of
the 50-week-old Sod71~~ mice. We believe that these
inflammatory changes invited EMT with increased colla-
gen lay down, fibrosis, and loss of glandular acinar units
in due course. A previous report also showed that the
EMT in lacrimal gland was caused by human ocular
chronic graft-versus-host disease.®®

Draper et al found increased inflammatory cell infiltra-
tion, acinar atrophy, and fibrosis among age-related al-
terations in lacrimal glands of rats.”® In the human lacri-
mal glands, Damato et al and Obata et al described
atrophy of secretory acini, periductal fibrosis, and in-
creased inflammatory cell infilration with aging,”"%7°
similar to our observations, which included interlobular
fibrosis, cystic dilatation of ducts, atrophy of secretory
acini, and inflammatory cell infiltration and were more
prominent and extensive in the knockout mice in this
study. Attempts to quantify these phenotypic alterations
in the lacrimal gland acinar units revealed significant
decreases in the secretory acinar unit density in the
Sod1™~ mice, a parameter that we thought would reflect
the process of acinar atrophy. Apoptosis of acinar and
ductal epithelia of the lacrimal glands along with glandu-
lar atrophy have been previously proposed as a possible
mechanism for the impairment of glandular secretory
function.®®°7 A striking ultrastructural observation was
related to the extensive accumulation of secretory vesi-
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cles in the lacrimal gland acinar epithelia in the Sod1™"~
mice overtime compared with the WT mice. These obser-
vations suggest that the lacrimal glands may be unable to
secrete tears in the presence of marked mitochondrial
alterations in the Sod7™~ mice because mitochondria
are the cellular powerhouses important for normal tear
secretions.?”®® Whereas the mitochondria in the lacrimal
glands of the Sod7~/~ mice showed striking ultrastruc-
tural alterations, which might lead to decreased tear
production, further evidence from future studies simul-
taneously looking into lacrimal gland ATP levels, mito-
chondrial membrane potentials, and Ca*™ currents
across lacrimal gland acinar epithelial membranes may
provide essential proof of whether the mitochondrial dys-
function in the presence of phenotypic mitochondrial al-
terations is linked to tear production decrease or not.
Surprisingly, we found a significant decrease in the
weight-adjusted aqueous tear production, pilocarpine-
stimulated tear output, and total protein secretion capac-
ity of the lacrimal gland in the old Sod7~"~ mice com-
pared with the old WT mice.

Decreased aqueous tear and protein output by the
lacrimal gland and increased corneal epithelial damage
are universally well-known features of the dry eye disease
in animals and humans.®®~'°" The higher corneal epithe-
lial damage observed in the Sod7™~ mice reflects both
the detrimental effects of decreased tear production on the
ocular surface and possible oxidative stress damage on
cell membrane lipids. Sod7 is an abundant Cu- and Zn-
containing protein present in cytosol,®” nucleus, peroxi-
somes, and mitochondrial intermembrane space.®2192 |ts
primary function is to act as an antioxidant enzyme, low-
ering the steady-state concentrations of superoxide.'
Our results suggest that oxidative stress is not merely an
associated phenomenon but may be an integral and pri-
mary cause of age-related dry eye disease in the
Sod1™'~ mice model. Adding further to our surprise were
the similar observations in young and old human lacrimal
gland specimens showing extensive lipid and DNA oxi-
dation, inflammatory cell infiltration, fibrosis, and cystic
duct dilatation in the aged individuals compared with the
young individuals. Whereas the lacrimal gland samples
from the human young and old individuals showed strik-
ing differences in relation to increased staining for oxida-
tive stress markers and increased fibrosis and glandular
atrophy, which were more prominent in the old individu-
als, tear function differences still need to be proven,
although previous reports indicated a decrease in tear
secretion with aging.'®~"%® Future studies looking into
differences among reflex tearing, total tear protein secre-
tion, and histopathologic differences of lacrimal gland
samples obtained for diagnostic purposes in young and
old individuals may increase our understanding of
whether the Sod7™”~ mice are relevant to the human
disease or may be useful to identify novel therapies for
age-related dry eye disease.

We were unable to disclose when exactly the se-
quence of mechanistic events resulted in the phenotype
observed in the lacrimal glands of the SOD1 knockout
mice, which possibly led to dry eye and ocular surface
disease. Relevant lacrimal gland pathophysiological and
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tear function examinations in the Sod1™~ mice per-
formed more frequently in future studies will provide use-
ful information.

In conclusion, we demonstrated that the lack of Sod7
led to increased oxidative lipid and DNA damage, in-
creased CD4* T-cell inflammation, and EMT in the lacri-
mal glands of the current mouse model, interfering with
glandular secretory functions, which resulted in dry eyes
and translated into an ocular surface disease.
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Association between IgG4-related disease
and progressively transformed germinal
centers of lymph nodes

Yasuharu Sato”, Dai Inoue®, Naoko Asano?®, Katsuyoshi Takata®', Hideki Asaoku?,
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Progressively transformed germinal centers is a benign condition of unknown pathogenesis characterized by a
distinctive variant form of reactive follicular hyperplasia in lymph nodes. We recently reported lg G4-related
disease in progressively transformed germinal centers. However, no large case series has been reported and
clinicopathologic findings remain unclear. Here, we report 40 Japanese patients (28 men, 12 women; median
age, 56 years) with progressively transformed germinal centers of the lymph nodes who fulfilled the histological
diagnostic criteria for lgG4-related disease (lgG4* progressively transformed germinal centers), with
asymptomatic localized lymphadenopathy involving the submandibular nodes in 24, submandibular and
cervical nodes in 14, cervical nodes only in 1, and cervical and supraclavicular nodes in 1. In all, 16 (52%) of 31
examined patients had allergic disease. Histologically, the lymph nodes demonstrated uniform histological
findings, namely marked follicular hyperplasia with progressively transformed germinal centers, and
localization of the majority of IgG4+ plasma cells in the germinal centers. Serum IgG4, serum IgE and
peripheral blood eosinophils were elevated in 87%, 92% and 53% of examined patients, respectively. Eighteen
patients subsequently developed extranodal lesions (including five who developed systemic disease), which on
histological examination were consistent with igG4-related disease. IgG4* progressively transformed germinal
centers presents with uniform clinicopathological features of asymptomatic localized submandibular
lymphadenopathy, which persists and/or relapses, and sometimes progresses to extranodal lesions or
systemic disease. Nine patients were administered steroid therapy when the lesions progressed, to which all
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responded well. We suggest that IgG4 * progressively transformed germinal centers should be included in the

lgG4-related disease spectrum.

Modern Pathology (2012) 25, 956—967; doi:10.1038/modpathol.2012.54; published online 6 April 2012
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The term progressively transformed germinal cen-
ters was first used by Lennert and Miiller-Herme-
link to describe reactive follicular hyperplasia in the
lymph nodes,* and progressively transformed germ-
inal centers is observed in approximately 4% of
patients with unspecific lymphadenopathy.*®
Germinal centers in affected lymph nodes are
usually larger than regular germinal centers and
composed mainly of mantle zone lymphocytes and
remnants of germinal center cells. Although relapse
is frequent, affecting about 20% of patients, pro-
gressively transformed germinal centers is consid-
ered a non-malignant condition.?®

IgG4-related disease is a recently recognized
syndrome characterized by mass-forming lesions
with lymphoplasmacytic infiltration, accumulation
of IgG4" plasma cells in affected tissues and
increased serum IgG4 levels.”™* IgG4-related disease
generally involves either localized or systemic
lymph nodes,>**** and five histological subtypes
of IgG4-related lymphadenopathy have been recog-
nized.® In 2009, we were the first to report patients
with IgG4-related disease in progressively trans-
formed germinal centers of the lymph nodes
(progressively transformed germinal centers-type
IgG4-related lymphadenopathy).’* Recently, while
no large series has yet been reported, Grimm et al'®
included 14 cases with progressively transformed
germinal centers in their series. However, clinico-
pathologic findings remain unclear.

Here, we report the clinicopathological character-
istics of 40 cases of progressively transformed
germinal centers of the lymph nodes that fulfill
the histological diagnostic criteria for IgG4-related
disease.

Materials and methods
Case Selection

Two of us (YS and TY) reviewed the Pathology
Department database of our institution using the
search terms ‘progressively transformed germinal
centers,” ‘follicular hyperplasia’ and ‘lymph node’
for the 13-year period from 1998 to 2011. In all, 62
cases of progressively transformed germinal centers
were identified, 40 of which fulfilled the histologi-
cal diagnostic criteria of IgG4-related disease,
namely the presence of IgG4" plasma cells >100/
high-power fields (HPFs) and IgG4*/IgG* plasma
cell ratio >40% (IgG4* progressively transformed
germinal centers) (Table 1), whereas 22 did not
(IgG4~ progressively transformed germinal centers).

The histological diagnostic criteria were outlined by
the International Symposium on IgG4-RD (Boston,
MA, USA, on 4-7 October 2011; http://www2.mass-
general.org/pathology/symposium/IgG4_related_-
systemic_dis.asp).

The clinical records and pathology materials of all
cases were reviewed, and cases of multicentric
Castleman’s disease, malignant lymphoma or other
lymphoproliferative disorders (including rheuma-
toid arthritis-related lymphadenopathy and other
immune-mediated conditions, and so on) were
histologically and clinically excluded.

Histological Examination and Immunohistochemistry

Surgically biopsied lymph node specimens were
fixed in 10% formaldehyde and embedded in
paraffin. Serial sections (4 um) were cut from each
paraffin-embedded tissue block, and several sections
were stained with hematoxylin and eosin. Immuno-
histochemistry was performed on paraffin sections
using an automated Bond Max stainer (Leica Bio-
systems, Melbourne, Australia). The primary anti-
bodies used were as follows: IgG (polyclonal
(1:10000); Dako), IgG4 (HP6025 (1:400); The
Binding Site), Kappa (NCL-KAP (1:100); Novocastra)
and Lambda (NCL-LAM (1:200); Novocastra). The
number of IgG4* or IgG* plasma cells was estimated
for areas with the highest density of positive
cells. Three different HPF (x 10 in the eyepiece
and x 40 in the lens) in each section were counted,
and the average number of positive cells per HPF
was calculated.

Polymerase Chain Reaction for the Detection of Ig
Heavy-Chain Gene Rearrangement

Ig heavy-chain gene rearrangement was analyzed by
polymerase chain reaction performed according to
standard procedures as described previously."* The
primers used for Ig heavy-chain gene amplification
were 5-TGG[A/G]TCCG[C/A]CAGI[G/CIC[T/C][T/C]
CI[A/C/G/TIGG-3' as an upstream consensus
V-region primer; 5-TGAGGAGACGGTGACC-3' as a
consensus J-region primer; and 5-GTGACCAGGGT
[A/C/G/T]CCTTGGCCCCAG-3’ as a consensus
J-region primer.™

Statistical Analysis

Differences in characteristics between the two
groups were determined by the y* test, Fisher’s

957
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Table 1 Clinical features of 40 patients with IgG4* PTGC

5

No. Age/gender Biopsy site Initial presentation Disease progression Treatment Allergic Eosinophil IgG4 IgG4/1IgG IgE
(LN size, cm) (follow-up disease count in PB (mg/dl; (%; (IU/ml; nl)
period, (%;nl<5%) nl = 4.8-105) nl = 3-6) (IgE ratio)*
months)
1 36/M Submandibular LN Bil. submandibular None (but residual Follow-up and  Drug allergy 6.8 110 10.9 NA
(1.5) lymphadenopathy lymph node lesions stable (18)
and It. submandibular persisted)
gland swelling
2 75/M Submandibular LN Bil. submandibular NA NA NA NA NA NA NA
(3) and cervical
lymphadenopathy
3 50/M Submandibular LN Bil. submandibular Residual lymph node Follow-up (18) Allergic 21.1 183 6.74 NA
(2) and cervical lesions persisted and thinitis
lymphadenopathy patient developed bil.
axillary
lymphadenopathy 3
years later
4 50/F Submandibular LN Bil. submandibular None (but residual Follow-up and Allergic 2 24 2 NA
(1.5) lymphadenopathy lymph node lesions stable (4) rhinitis
persisted)
5 66/M Submandibular LN Lt. submandibular Relapsed 1t. Follow-up (10) None 5.9 314° 19.2¢ 505 (2.9)
(2) lymphadenopathy submandibular
lymphadenopathy 10 <
months later® I
6 46/M Submandibular LN Lt. submandibular None (but residual Follow-up and NA 3 NA NA NA S
(3.5) lymphadenopathy, lt. lymph node lesions stable (10) bt
submandibular gland persisted) 2
swelling and
thickened rt. pleura
7 71/M Submandibular LN Lt. submandibular None (but residual Follow-up and None 2.5 275 12.8 259 (1.5)
(1.5) and cervical lymph node lesions stable (5)
lymphadenopathy persisted)
8 62/F Submandibular LN Lt. submandibular None Follow-up and Contact 0 NA NA NA
(1.5) lymphadenopathy stable (6) dermatitis
9 75/F Cervical and Rt. cervical and None (the cervical LN Follow-up and Food allergy 8 36.2 2.3 47.0 (0.27)
supraclavicular LN supraclavicular was biopsied 9 stable (10)
(2) lymphadenopathy months ago but a
residual
supraclavicular
lymph node lesion
persisted)
10 45/F Cervical LN (3) Lt. cervical Residual lymph node Follow-up (36) Asthma and 7 NA NA NA
lymphadenopathy lesions persisted; LN drug allergy
size increased in 3
years
11 64/M Submandibular LN Rt. submandibular Relapsed rt. Steroid Asthma, 10.5 2550¢ 42.3° NA
(3) lymphadenopathy submandibular therapy was drug allergy
lymphadenopathy® performed and allergic
2 years later; patient when disease rhinitis
developed bil. progressed,
lacrimal,’ parotid, and with good
submandibular gland response (144)
swelling, mediastinal
lymphadenopathy,
and kidney lesion®
11 years later
12 60/M Submandibular LN Lt. submandibular NA NA None 2.2 NA NA NA

(2)

and cervical
lymphadenopathy
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Table 1 Continued

No. Age/gender Biopsy site Initial presentation Disease progression Treatment Allergic Eosinophil IgG4 IgG4/IgG IgE
(LN size, cm) (follow-up disease count in PB (mg/dl; (%; (IU/ml; nl)
period, (%;:nl<5%) nl = 4.8-105) nl = 3-6) (IgE ratio)®
months)
13 61/M Submandibular LN Lt. submandibular Developed bil. Steroid None 4 2240° 77.5¢ NA
(2) lymphadenopathy submandibular gland therapy was
swelling, performed
mediastinum, lung, when disease
pancreas kidney and progressed,
aortic lesions 3 years with good
later response (101)
14 43/F Submandibular LN Rt. submandibular NA NA NA NA NA NA NA
(1) and cervical
lymphadenopathy
15 46/M Submandibular LN Lt. submandibular Relapsed lt. Follow-up None 7.7 40 2.6 681 (1.9)
(3) lymphadenopathy submandibular LN 5 (100)
years later® Relapsed
rt. submandibular LN
8 years later.’
16 58/F Submandibular LN Rt. submandibular Developed bil. Follow-up (48)  Contact 2.2 241° 18.4° 280° (1.6)
(1.5) lymphadenopathy submandibular gland dermatitis
swelling 1 year later®
and bil. lacrimal gland
swelling 4 years later
17 55/M Submandibular LN Rt. submandibular None (but residual Follow-up and ~ None 4.1 NA NA NA
(3) and cervical lymph node lesions stable (6)
lymphadenopathy persisted)
18 52/F Submandibular LN Lt. submandibular None (but residual Follow-up and ~ NA 4 NA NA NA
(2.5) and cervical lymph node lesions stable (3)
lymphadenopathy persisted)
19 51/F Submandibular LN Rt. submandibular Developed bil. Follow-up (18) None NA 224 NA NA
(2) lymphadenopathy submandibular
lymphadenopathy
and rt. parotid gland
swelling 1 year later®
20 52/M Submandibular LN Lt. submandibular Developed bil. Steroid None 14° 1700° 37.5° 904° (2.5)
(2.5) lymphadenopathy lacrimal gland therapy was
swelling, skin lesion performed
and systemic when disease
lymphadenopathy 5 progressed,
years later” with good
response.
However, the
lesion
relapsed 3
months later
(986)
21 43/M Submandibular LN Lt. submandibular Developed bil. Steroid Atopic 9 216° 13.72° 1550° (4.3)
(2) lymphadenopathy lacrimal gland therapy was dermatitis
swelling, skin lesion performed
and systemic when disease
lymphadenopathy 3 progressed,
years later® with good
response.

However, the
lesion
relapsed 3
years later (78)

1D J3 03eS A
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Table 1 Continued

No. Age/gender Biopsy site Initial presentation Disease progression Treatment Allergic Eosinophil IgG4 IgG4/IgG IgE
(LN size, cm) (follow-up disease count in PB (mg/dl; (%; (IU/ml; nl)
period, (%;nl<5%) nl = 4.8-105) nl = 3-6) (IgE ratio)®
months)
22 58/M Submandibular LN Bil. submandibular Developed prostatic Steroid Drug allergy 8 1280° 30.74° 641° (1.8)
(2) and cervical lesion and systemic therapy was
lymphadenopathy lymphadenopathy 2 performed
years later” when disease
progressed,
with good
response.
However, the
lesion
relapsed 10
months later
« (39)
23 50/M Submandibular LN Bil. submandibular None Follow-up and  None 4 NA NA NA
(1) lymphadenopathy stable (36)
24 45/F Submandibular LN Rt. submandibular Developed bil. Steroid None 4 NA NA 800 (2.2)
(2.5) and cervical lacrimal gland therapy was
lymphadenopathy swelling 1 year later performed
when disease
progressed,
with good
response (16)
25 67/M Submandibular LN Bil. submandibular None (but residual Follow-up and  NA 8.2 NA NA NA
(3) lymphadenopathy lymph node lesions stable (72)
persisted)
26 51/F Submandibular LN Rt. submandibular None Follow-up and  None 2.8 NA NA NA
(3.5) lymphadenopathy stable (12)
and rt. submandibular
gland swelling
27 42/M Submandibular LN Lt. submandibular None (but residual Follow-up and ~ None 6.1 NA NA 241 (1.4)
(2) and cervical lymph node lesions stable (60)
lymphadenopathy persisted)
28 49/M Submandibular LN Lt. submandibular, NA NA NA 1 NA NA NA
(2.5) cervical
lymphadenopathy,
and It. submandibular
gland swelling
29 58/M Submandibular LN Rt. submandibular Developed bil. Steroid Allergic 9 921° 47.5¢ 1090° (3.0)
(2.5) lymphadenopathy lacrimal gland therapy was rhinitis
swelling and rt. performed
maxillary sinus tumor ~ when disease
3 years later® progressed,
with good
response (39)
30 60/M Submandibular LN Rt. submandibular None Follow-up and Asthma 3 NA NA NA
(2.5) lymphadenopathy stable (26)
31 46/F Submandibular LN Rt. submandibular NA NA Allergic NA NA NA NA
(2) lymphadenopathy rhinitis
and rt. submandibular
gland swelling
32 72/M Submandibular LN Bil. submandibular None (but residual Follow-up and  NA 0.4 NA NA NA

(2.5)

lymphadenopathy

lymph node lesions
persisted)

stable (12)

o9t
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Table 1 Continued

No. Age/gender Biopsy site Initial presentation Disease progression Treatment Allergic Eosinophil IgG4 IgG4/IgG IgE
(LN size, cm) (follow-up disease count in PB (mg/dI; (%; (IU/ml; nl)
period, (%;nl<5%) nl = 4.8-105) nl = 3-6) (IgE ratio)®
months)
33 51/M Submandibular LN Rt. submandibular None (but residual Follow-up and Allergic 6.7 169 7 3250 (18.8)
(3.5) and cervical lymph node lesions stable (26) rhinitis
lymphadenopathy persisted)
34 68/F Submandibular LN Rt. submandibular None (but residual Follow-up and Food and 5.6 NA NA NA
(1.5) lymphadenopathy lymph node lesions stable (25) drug allergy
and rt. lacrimal gland persisted)
swelling
35 67/M Submandibular LN Lt. submandibular None Follow-up and  Allergic NA NA NA NA
(2) lymphadenopathy stable (27) rhinitis and
asthma
36 70/M Submandibular LN Lt. submandibular Developed rt. Steroid NA 10.9 483° 27.7¢ NA
(2) lymphadenopathy submandibular gland therapy was
and It. parotid gland® swelling and performed
tumor pancreatic lesion” when disease
2 years later progressed,
with good
response (43)
37 51/M Submandibular LN Rt. submandibular, None (but residual Follow-up and None 6.3 NA NA NA
(1.5) cervical lymph node lesions stable (18)
lymphadenopathy, persisted)
and bil.
submandibular gland
swelling
38 61/M Submandibular LN Bil. submandibular NA NA NA 2.6 NA NA NA
(2) and cervical
lymphadenopathy
39 76/M Submandibular LN Rt. submandibular Developed skin Steroid Asthma 11.6 NA NA 875 (2.4)
(1.5) lymphadenopathy lesion® and bil. therapy was
lacrimal gland performed on
swelling 2 years later bil. swelling of
the lacrimal
gland, with
good response
(63)
40 57/M Submandibular LN Rt. submandibular Relapsed rt. Follow-up (97) None NA NA NA NA
(3) lymphadenopathy submandibular

lymphadenopathy 2
and 8 years later”

Abbreviations: Bil., bilateral; LN, lymph node; It., left; NA, not available; nl, normal; PB, peripheral blood; PTGC, progressively transformed germinal centers; rt., right.

%1gE ratio: measured value/normal value.

PThe lesion was histologically diagnosed as IgG4-related disease.
“The data was obtained at relapse or disease progression time.
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Table 2 Summary of clinical features of IgG4* PTGC exact test, Student’s t-test or Mann—Whitney U-test,
as appropriate. All data were analyzed with the

Number 40 STATA software (version 10.0; Stata, College Sta-
Male/female 28/12 tion, TX, USA).

Age
Median (range) 56 (36—76)
>60 16 (40%)

Allergic disease history

Laboratory findings
Increased eosinophil count in peripheral
blood
Elevated serum IgG4 level
Elevated serum IgE level

Initial lymphadenopathy
Submandibular lymphadenopathy
Submandibular and cervical
lymphadenopathy
Cervical lymphadenopathy
Cervical and supraclavicular
lymphadenopathy

16/31 (51.6%)

18/34 (52.9%)
14/17 (82.4%)
12/13 (92.3%)
24 (bilateral; 5)
14 (bilateral; 4)

1 (unilateral)
1 (unilateral)

Results

Clinical Features of IgG4 " Progressively Transformed
Germinal Centers

Clinical findings are summarized in Tables 1 and 2.
There were 28 men and 12 women with a median
age of 56 years (range, 36-76 years). On initial
clinical examination, all patients presented with
localized submandibular and/or cervical, or cervical
and supraclavicular lymphadenopathy. Twenty-four
patients showed submandibular lymphadenopathy,
which was bilateral in five. Fourteen patients
showed submandibular and cervical lymphadeno-

Number of available follow-up reparts 34 pathy, which was bilateral in four. Only two patients
Follow-up period showed cervical, or cervical and supraclavigular
Median {range) 26 (3-144) lymphadenopathy. In total, 38 (95%) of 40 patients

Persistence or relapse of lymph node lesions

Progression to extranodal lesions
Submandibular gland
Lacrimal gland
Lacrimal gland and submandibular gland
Lacrimal gland and skin
Submandibular gland and pleura
Lacrimal gland and maxillary sinus
Lacrimal gland, submandibular gland,
parotid gland, mediastinum, kidney
Submandibular gland, mediastinum, lung,
pancreas, aorta, kidney
Submandibular gland and parotid gland
Parotid gland
Prostate

Progression to systemic lymphadenopathy

23/34 (67.6%)
18/34 (52.9%)

B e W N Ot

1
1
1

3/34 (8.8%)

Abbreviation: PTGC, progressively transformed germinal centers.

showed submandibular lymphadenopathy. Lymph
node biopsy revealed that the size of the biopsied
lymph nodes ranged from 1 to 3.5cm in diameter,
with an average of 2.2cm. In addition, **F-fluoro-
deoxy glucose positron emission tomography
showed significantly elevated uptake in examined
patients (Figure 1). The lesions were therefore all
suspected to be malignant lymphomas at initial
clinical diagnosis.

Among patients examined for each respective
factor, allergic disease was identified in 16 (52%)
of 31 patients; peripheral blood eosinophil count
was increased in 18 (53%) of 34; serum IgG4 levels
were elevated in 14 (82%) of 17; and serum IgE
levels were elevated in 12 (92%) of 13.

Figure 1 Ragiological images of IgG4* progressively transformed germinal centers. Patient no. 12 had localized left submandibular
lymphadenopathy and cervical lymphadenopathy (left panel). '®F-fluorodeoxy glucose positron emission tomography showed
significantly elevated uptake in the left submandibular lymph node (right panel). The lesion was radiologically and clinically
suspected to be malignant lymphoma.

AODERN PATHOLOGY (2012) 25, 956967
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Table 3 Clinicopathological characteristics of patients with
IgG4"PTGC and IgG4PTGC

IgG#*PTGC IgG4~PTGC P2
(n=40) m=22)
Gender
(Male/female) 28/12 13/9 0.39

Age (years)
Median 56 47 0.060

Mean (range) 56.5 (36-76) 46.6 (18-78)

> 40 years old 39 (98%) 14 (64%) <0.0001

>50 years old 30 (75%) 10 (45%) 0.02
Lymphadenopathy area

Submandibular 38 (95%) 1 (4.5%) <0.0001

LN

Cervical LN 16 (40%) 11 (50%) 0.45

Supraclavicular 1 (2.5%) 1 (4.6%) 0.66

LN

Axillary LN 0 {0%) 6 (27%) 0.001

Paraaortic LN 0 (0%) 2 (9%) 0.053

Inguinal LN 0 (0%) 5 (23%) 0.002
IgG4*/IgG* plasma cell ratio

Mean 57.4 5.0

Median (range) 57.8 (44.2-78.1) 3.7 (0-16.7) <0.0001

Abbreviations: LN, lymph node; PTGC, progressively transformed
germinal centers.

“gG4*PTGC vs 1gG4~PTGC.

Clinicopathological Differences Between IgG4 ™
Progressively Transformed Germinal Centers and
IgG4~ Progressively Transformed Germinal Centers

The clinicopathological findings associated with 40
cases of IgG4™ progressively transformed germinal
centers and 22 of IgG4~ progressively transformed
germinal centers (IgG4*/IgG* plasma cell ratio
<40%) are summarized in Table 3, Supplementary
Figure 1 and Supplementary Table 1. Lymph nodes
affected by IgG4* progressively transformed germ-
inal centers showed a markedly elevated IgG4 */IgG™*
plasma cell ratio compared with those with IgG4~
progressively transformed germinal centers {mean
57% vs 5%, P<0.0001). Patients with IgG4* pro-
gressively transformed germinal centers showed an
older age distribution and a higher incidence of
submandibular lymph node involvement than those
with IgG4~ progressively transformed germinal cen-
ters (P<0.0001).

Pathological Findings in IgG4™ Progressively
Transformed Germinal Centers

In patients with IgG4™ progressively transformed
germinal centers, the lymph nodes demonstrated
numerous lymphoid follicles with hyperplastic
germinal centers and a distinct mantle zone, but
no expansion of the interfollicular zone. Progres-
sively transformed germinal centers were observed
in all cases, appearing as round to oval structures
2-3 times the diameter of the other reactive follicles

IgG4-related disease and PTGC

Y Sato et al

and composed predominantly of small lymphocytes,
centrocytes, centroblasts, and numerous mature
plasma cells and plasmacytoid cells. The interfolli-
cular zone showed infiltration of a significant
number of eosinophils, and T-zones were indistinct
(Figure 2).

Interestingly, a unique feature of IgG4* progres-
sively transformed germinal centers on immunohis-
tochemistry was the localization of the majority of
IgG4+ plasma cells in the germinal centers, with
only a small number present in the interfollicular
zone (Figure 2), except in case no. 3, where they
were detected in both the germinal centers and
interfollicular zone. The IgG4™ plasma cells were
>100/HPF and IgG4*/IgG" plasma cell ratio was
>40% in all cases (Table 3 and Supplementary
Figure 1B). Immunoglobulin light-chain restriction
was not detected in any case. These histological and
immunohistochemical findings were all compatible
with progressively transformed germinal centers-
type IgG4-related lymphadenopathy.®**

In contrast, the lymph nodes of patients with
IgG4~ progressively transformed germinal centers
showed heterogenous histological findings, demon-
strating a small number or numerous lymphoid
follicles with or without hyperplastic germinal
centers, and expansion or no expansion of the
interfollicular zone. The interfollicular zone did
not show a significant number of eosinophils, and
T-zones were distinct. IgG4* plasma cells were
absent or few, and the IgG4 */IgG* plasma cell ratio
was <40% in all cases.

Disease Progression and Extranodal Lesions in IgG4*
Progressively Transformed Germinal Centers

Thirty-four patients were followed by regular ima-
ging, laboratory findings and clinical evaluation over
3 to 144 months (median, 26 months). During the
follow-up period, 23 (68%) patients showed persis-
tence or relapse (or both) of these residual lymph
nodes. In all, 18 patients progressed to the develop-
ment of extranodal lesions, of whom 16 (89%)
interestingly showed the involvement of lacrimal
and/or submandibular glands. Moreover, 5 of these
18 patients showed progression to systemic disease
(Table 2 and Figure 3; patient nos. 11, 13, 20, 21 and
22). Histologically examined extranodal lesions were
consistent with IgG4-related disease.

Clinical Management of IgG4 " Progressively
Transformed Germinal Centers

In all, 18 of the 34 patients showed stable disease,
despite the presence of persistent residual lymph
node lesions in almost all. Ten patients showed the
localized or systemic relapse of lymphadenopathy,
and were re-biopsied. Nine patients were adminis-
tered steroid therapy when the lesions progressed,
to which all responded well (Table 1).
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Figure 2 Histological and immunohistochemical features of IgG4* progressively transformed germinal centers. (a, b) Lymph nodes from
patient no. 26 showed numerous lymphoid follicles with hyperplasia and progressively transformed germinal centers (hematoxylin and
eosin, a: x 20). (b) The progressively transformed germinal centers were appearing as round to oval structures 2—3 times the diameter of
the other reactive follicles (hematoxylin and eosin, x 40). (c) Abundant eosinophil infiltration in the interfollicular zone (hematoxylin
and eosin, x 200). (d) Localization of the majority of IgG4* plasma cells in the germinal centers (IgG4-immunostaining, x 20). (e, f) The
IgG4*/IgG* plasma cell ratio was >60% (IgG4 and IgG-immunostaining, x 100).
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