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(@) UGT1A1 gene (Chr. 2)
Exon 1 2-4 Exon 5 HEATR7B1 gene

(b) Cases UGT1A1 gene (c) Controls UGT1A1 gene
Exon 1 Exon 2-4 Exon 5 Exon 1 Exon 2-4 Exon 5

Figure 1. Pairwise linkage disequilibrium analysis of UGT1A1 and surrounding SNPs. (a) Pairwise linkage disequilibrium analysis of UGT1A1 and
surrounding SNPs using HapMap Japanese samples. SNP ¢.211 (rs10929303) of the UGT1A-3/-UTR is in tight linkage disequilibrium with the gene
next to UGT1A1 (HEATR7B1). Two SNPs at 339 (rs1042640) and 440 (rs8330) of the UGT1A-3’-UTR are not shown in (a), but they are located close to
€.211, as shown in (b) and (c). Pairwise linkage disequilibrium analysis of the three risk SNPs in the UGT1A-3’-UTR in (b) 31 cases (patients with
atazanavir-induced nephrolithiasis) and (c) 47 controls. The difference between (b) and (c) suggests that the number of risk haplotypes is greater in
case patients than in control patients. Estimates of Y for SNPs are shown as numbers in the Argyle box. Dark red shading indicates strong linkage
disequilibrium (D’ >0.9). Light blue shading indicates high D’ values (>0.99) with low statistical significance [LOD (log of the odds) <2].

6 of 9

117



SNPs and atazanavir-induced nephrolithiasis

JAC

shows the results of pairwise linkage disequilibrium analysis of
UGT1A1 and SNPs around them derived from HapMap data for
the Japanese. On the other hand, there was no difference in the dis-
tribution of 16 other SNPs in ABCB1, NR1I2, SLCO1B1 and CYP3A5
between cases and controls. The distribution of UGT1A1*28 was
also not different.

Association of genotypes with atazanavir-induced
nephrolithiasis

Univariate analysis showed a significant association between
atazanavir-induced nephrolithiasis and genotype T/C versus C/C
at ¢.211 (OR=3.8; 95% (I, 1.22-11.6; P=0.022), genotype G/C
versus C/C at position 339 (OR=5.9; 95% CI, 1.68-20.9;
P=0.006) and genotype G/G or G/C versus C/C at 440 (OR=5.9;
95% CI, 1.68-20.9; P=0.006) of the UGT1A-3'-UTR (Table 3). No
other SNPs, including UGT1A1*28, showed any association with
nephrolithiasis. Furthermore, basic demographics and established
risk factors for nephrolithiasis were not associated with nephro-
lithiasis, except for infection with hepatitis C virus, which was
marginally associated with nephrolithiasis (OR=28.8; 95% (I,
0.98-79.9; P=0.052). '

Multivariate analysis adjusted for sex, age and hepatitis C
infection identified genotype T/C versus C/C at position ¢.211
(adjusted OR=3.7; 95% (I, 1.13-11.9; P=0.030), genotype G/C
versus C/C at 339 (adjusted OR=5.8; 95% CI, 1.56-21.3;
P=0.009) and genotype G/G or G/C versus C/C at 440 (adjusted
OR=5.8; 95% CI, 1.56-21.3; P=0.009) of the UGT1A-3’-UTR as
independent risk factors for nephrolithiasis (Table 4).

Discussion

To our knowledge, this is the first study that has elucidated
the association between genetic polymorphisms in the
genes encoding proteins that affect atazanavir exposure and
atazanavir-induced nephrolithiasis. The results demonstrated
that Japanese HIV-1-infected patients who developed atazanavir-
induced nephrolithiasis were ~5-fold more likely to have variants
in the UGT1A-3"-UTR, compared with those without nephrolithia-
sis, who were well-matched for other traditional risk factors for
nephrolithiasis. These findings suggest a link between genetic fac-
tors and nephrolithiasis, a major adverse event of atazanavir that
can significantly affect renal function. On the other hand, the
results showed no association between variants in ABCB1 and
SLCO1B1, the genes that encode drug transporter protein for
atazanavir, CYP3A5, the main metabolizer of atazanavir, and
NR1I2, which encodes PXR to regulate the expression of metabo-
lizers.and transporters of atazanavir, and atazanavir-induced
nephrolithiasis.

This study enrolled only Japanese patients in order to examine a
population with comparatively similar genetic backgrounds. It is
possible that the association of UGT1A-3’-UTR variants with
atazanavir-induced nephrolithiasis could be more significant in
people of African or European origin than Japanese or East
Asians, considering that the allele frequencies of these variants
are higher in these populations according to the HapMap data
[e.g. minor allele frequency at position 440 (rs8330): Africans
50%, Europeans 23.3%, Japanese 15.9%, Chinese 15.6%] (www.
hapmap.org). Similar studies are needed in these populations to

Table 3. Univariate analysis to estimate the association of various factors
with atazanavir-induced nephrolithiasis

OR 95% C1 P value

Male 1.7 0.31-951 0.53
Age per year 1.0 093-1.03 039
Weight per 1 kg increment 1.0 0.95-1.03 0.60
BMI per 1 kg/m? increment 1.0 0.83-1.11 0.58
CD4 count per 1 cell/mm? increment 1.0 1.00-1.00 0.63
Baseline eGFR per 1 mL/min/1.73 m? 1.0 0.98-1.03 0.80

decrement
HIV-1 viral load per 1 log;o/mL increment 0.9 0.62-1.34  0.64
Hepatitis C infection 88 0.98-799 0.052
Hepatitis B infection 1.5 0.09-255 077
Treatment naive 0.7 0.25-1.66 0.37
History of nephrolithiasis 33 057-194 0.18
Uric acid per 1 mg/dL increment 1.2 093-156 0.16
Hypertension 0.7 017-3.17 068
Diabetes mellitus 0.8 0.07-8.64 0.82
Co-administration of tenofovir 0.7 0.27-192 0.51
History of indinavir use 1.6 0.30-83%4  0.60
ABCB1

193 A/A versus A/G or G/G 0.8 0.32-197 0.61

365 T/T versus T/C or C/C 25 0.63-10.0 0.19

1236 C/Cversus C/Tor T/T 0.7 0.22-2.33 0.57

2677 T/Tversus T/AorG/Gor G/TorG/A 1.6 0.43-6.12 0.48

or A/A

3435 T/T versus T/Cor C/C 21 0.51-8.40 0.31
NR1I2

131 A/Aversus A/Cor C/C 1.0 0.40-2.58 0.97

370 G/G versus G/A or A/A 0.7 0.25-1.84 0.44

522 C/Cversus C/Tor T/T 0.7 0.27-2.04 0.56

1195 C/Cversus C/A or A/A 0.7 0.30-227 0.70

1232 C/Cversus C/Tor T/T 0.7 0.25-1.84 0.44

44477 C/Cversus C/Tor T/T 1.1 042-2.67 0.89

63396 C/Cversus C/Tor T/T 2.2 0.45-105 0.33
UGT1A1

211 G/G versus G/A or A/A 09 0.35-2.29 0.82

€.211 T/Cversus C/C 3.8 1.22-116 0.022

339 G/Cversus C/C 59 1.68-20.9 0.006

440 G/G or G/C versus C/C 59 1.68-20.9 0.006

UGT1A1 *28/*28 or *28/*1 versus *1/*1 2.2 0.45-10.5 0.33
SLCO1B1

388 G/G versus G/A or AJA 1.6 030-834 060

521 T/T versus T/Cor C/C 0.9 0.36-2.43 0.90
CYP3A5

14 T/T versus T/Cor C/C 0.9 0.38-2.33 0.89

confirm that the association between UGT1A-3’-UTR variants and
atazanavir-induced nephrolithiasis is reproducible.

The mechanism by which SNPs in the UGT1A-3’-UTR are asso-
ciated with the development of nephrolithiasis in patients on an
atazanavir-containing regimen is unknown. However, Court
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Table 4. Multivariate analysis to estimate the association of SNPs of the
UGT1A-3'-UTR with atazanavir-induced nephrolithiasis

Adjusted P
UGT1A-3"-UTR OR 95% CI value
Genotype T/C versus C/C at 3.7 1.13-11.9  0.030
position ¢.211
Genotype G/C versus C/C at 5.8 1.56-21.3  0.009
position 339
Genotype G/G or G/C versus 5.8 1.56-213  0.009
C/C at position 440

Each SNP was tested in the model separately.
Each varioble was adjusted for sex, age and hepatitis C infection.

et al.3? reported that these SNPs are associated with inter-

individual variability in acetaminophen (paracetamol) glucuroni-
dation in the human liver, and provide protection against acute
liver failure by acetaminophen overdose, probably through more
extensive detoxification of acetaminophen via glucuronidation.
Because the biotransformation pathways of atazanavir or its
metabolites also include glucuronidation,*? the UGT1A-3’-UTR
variants could alter atazanavir metabolism and pharmacokinet-
ics, resulting in increased atazanavir concentration in the blood
and increased excretion in urine, facilitating nephrolithiasis forma-
tion. Unfortunately, serum and urine concentrations of atazanavir
were not measured in the present study. It is also notable that the
UGT1 subfamily has a unique gene structure; the UGT1 gene has
13 exon 1s from UGT1AI to UGT1A13P, and exons 2-5, which
are common in all mMRNAs expressed from the gene.>® The
UGT1A-3’-UTR is located in exon 5, which is commonly present
in the UGT1 subfamily (Figure 1), and thus the variants in the
UGT1A-3’-UTR might influence not only UGT1A1 but also other
UGT1 isoforms that take part in glucuronidation of various sub-
strates,>® and they might affect atazanavir metabolism and
pharmacokinetics as well. Figure 1 also shows that the identified
SNPs inthe UGT1 3’-UTR are in tight linkage disequilibrium with the
gene next to them (HEATR7B1), suggesting that the latter could
also affect atazanavir metabolism/transportation. To our knowl-
edge, however, there is no information on the role of HEATR7B1
in drug metabolism/transportation, and the above conjecture
remains to be investigated.

In this study, the median serum total bilirubin level in the case
patients was higher than that in the control group. Rockwood
et al.® reported a close relationship between hyperbilirubinaemia
and the development of atazanavir-induced renal stones.
However, no such relationship was found in our previous cohort
study.® In two pharmacokinetics studies, Rodriguez-Novoa
et al.?®?? reported that serum bilirubin level correlated with
plasma atazanavir concentration, and one can speculate that
high bilirubin levels might reflect higher atazanavir concentra-
tions, which result in precipitation of atazanavir in urine and
renal stone formation. However, these results are still preliminary
and further studies are needed to determine the true relation-
ship between serum bilirubin level and atazanavir-related
nephrolithiasis.

Several limitations of this study need to be acknowledged. First,
and importantly, although this study identified association

between the UGT1A-3’-UTR variants and atazanavir-induced
nephrolithiasis, the number of enrolled patients was small in
this case-control study; the results need to be interpreted with
caution. The results could provide the basis for an exploratory
hypothesis and further larger studies are needed to confirm
such an association. Second, not all polymorphisms in genes of
the targeted proteins were examined. Thus, we might have
missed other important SNPs associated with or affecting the
metabolism or transportation of atazanavir. There might be
other, unknown proteins that take part in the metabolism or
transportation of atazanavir that also contribute to susceptibility
to atazanavir-induced nephrolithiasis. Third, because renal stone
formation occurs as a composite of various factors and the com-
ponents of nephrolithiasis were not analysed in the study, it is dif-
ficult to exclude the effects of classic risk factors for renal stone
formation, apart from the genetic factors identified in the present
study. However, the two study samples were well matched in
terms of risk factors, such as BMI, serum uric acid and history of
indinavir use.*>%%~2¢ Furthermore, the susceptibility to nephro-
lithigsis in patients on an atazanavir/ritonavir-containing regimen
is well established; the incidence of nephrolithiasis is 10- to
20-fold higher in patients on atazanavir/ritonavir-containing ART
than in patients on other protease inhibitor-containing ART
regimens.®” Fourth, because functional data are not yet available,
clinical or biochemical studies to confirm the results obtained here
are certainly needed. We did not measure atazanavir concentration
in blood or urine.

In conclusion, in a setting where other predisposing factors for
nephrolithiasis were well matched, the present study demon-
strates that the Japanese HIV-1-infected patients who developed
atazanavir-induced nephrolithiasis were ~5-fold more likely to
have variants in the UGT1A-3’-UTR compared with those without
nephrolithiasis. Further studies are warranted to confirm this
association and to elucidate how these SNPs might influence
the metabolism and excretion of atazanavir and the formation
of nephrolithiasis.
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Degeneration, Regeneration, and Cicatrization
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i regenerauon

operative evaluation.

dipose tissue has been widely used as an
injectable substance and has been recently
£/ ‘reevaluated as a tool not only for augment-
1ng tissue volume (volumization) but also for
enhancing tissue potential (revitalization) and
modulating immunoreaction (harmonization).
Fat grafting has several potential drawbacks,
including clinical unpredictability, and thus
efforts have focused on seeking ways to achieve
improved and more consistent final retention.'™*
The variability of clinical results originates partly
from unique characteristics of adipose tissue;
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Background Fat graf'ung 1s promlsmg, but clmlcal outcomes are not always

k and detauled cellular events dunng the ﬁrst 3 months were 1nvest1gated
with 1mmunoh1stochem1stry
Results: Except for the most superﬁelal surviving zone, death of all adlpocytes
‘was confirmed at 1 week Per 1l1p1n-pos1t1ve small new adlpocytes appeared atl
~week and peaked in number at 4 weeks in the regenerating zone (the second
zone). In the most central necrotmng zone, adipogenesis did not occur and
! y mﬂammatory cells were observed after 2 weeks. CD34*/Ki67* proliferat-
_ing adipose stem/] progemtor cells were seen at 1 to 4 weeks, but the majority
of prohferatlng cells were MAC2* monocytes/macrophages. Although CD206°
M1 macrophages surrounded oil droplets for phagocytosis, CD206* M2 mac-
. frophages appeared in areas where adipocyte replacement failed and formed
- multiple layers for cicatrization of oil drop spaces. Adipogenesis was complete
by 12 weeks, but stabilization of nonregenerated areas was still ongoing at
 that time. Lipid droplets derived from dead adipocytes were absorbed slowly
- and thus aided adipose remodehng by maintaining the space until adipocyte

- Conclusions: Dynamic remodelmg after fat grafting was Conﬁl med. Adipocyte
fate differed, depending on the microenvironment: intact survival, replace-
‘ment with a new adipocyte, or replacement with cicatrization/oil cyst. This

detailed understanding will help refine surgical grafting procedures and post-
(Plast. Reconstr. Surg. 133: 303¢, 2014.)

therefore, further research is required to explore
the underlying cellular and molecular mecha-
nisms in the healing and remodeling process after
fat grafting. It is important to understand not only
how the graft is retained, but also how long-term
tissue atrophy, oil cyst formation, and progressive
calcification occur.

A variety of cell types are present in subcu-
taneous adipose tissue,” and adipocytes account
for only 20 percent or less of the total number of
cells.® We previously reported cellular events dur-
ing various types of adipose tissue remodeling,
such as those seen after surgically induced isch-
emia,” ischemia-reperfusion injury,® and fat graft-
ing.? In those studies, adipose stem/progenitor/

Disclosure: The authors have no financial interest
to declare in relation to the content of this article.
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stromal cells were demonstrated to play pivotal
roles in adipose tissue repair and regeneration,
whereas inflammatory cells, such as infiltrated
macrophages, contributed to removing degener-
ated components. A series of primary and subse-
quent signals, including hypoxia and cytokines,
appear to regulate the complex events during adi-
pose tissue remodeling.!*

We recently presented convincing evidence
that most adipocytes (except for those located
superficially) die as early as day 1 after fat graft-
ing, and the subsequent regeneration process
starts as early as day 5.° Adipose stem/progenitor/
stromal cells can stay alive for up to 3 days, even
under stressful conditions, such as severe hypoxia.
Immunohistologic staining for perilipin'® was the
primary technology used to distinguish living
from dead adipocytes and verify dynamic adipo-
cyte replacement in the grafted fat tissue.

The present study was designed to clarify the
detailed cellular events involved in the remodel-
ing process after microfat grafting and describe
the long-term fate of adipose tissue and adipo-
cytes. Understanding these events should help
establish novel technologies to maximize and
stabilize long-term results. In addition to the frag-
ile nature of adipose tissue, a number of patient-
derived or surgeon-dependent factors appear to
affect clinical outcomes. We need to clarify how
these affect not only tissue revascularization/
regeneration but also tissue necrosis and the sub-
sequent absorption/fibrosis of the microfat graft.

MATERIALS AND METHODS

Animal Models for Autologous Fat Grafting

Animals were cared for in accordance with
our institutional guidelines. Eight-week-old BL6/
Jjcl mice were purchased from Japan CLEA, Inc.
(Tokyo, Japan). The mice were anesthetized with
pentobarbital (50 mg/kg). The inguinal skin was
incised and the subcutaneous inguinal fat pad
(150 to 200 mg) was gently dissected and har-
vested. The fat pad was small, similar to the size of
aspirated fat tissue used for clinical fat injection
in humans. The fat pad was inserted through a
5-mm-long skin incision into a small pocket made
under the scalp of the same mouse, followed
by skin closure with a 7-0 nylon suture. The fat
grafting was performed in 30 mice, which were
killed after 0 (sham operation), 1, 2, 4, 8, or 12
weeks (n =5 at each time point). After the scalp
was incised, the grafted fat sample was harvested
by careful removal from surrounding tissue and
then weighed. The normalized sample weight
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ratio, which is the ratio of the harvested sample
weight to the body weight, was used to evaluate
the change in sample weight. Each harvested sam-
ple was fixed (Zinc Fixative; BD Biosciences, San
Jose, Calif.) and embedded in paraffin for histo-
logic assessment.

Histologic Assessment

After preparing 5-um-thick sections of the har-
vested tissue samples, we performed immunostain-
ing with the following primary antibodies: guinea
pig anti-mouse perilipin (dilution, 1:200; Progen,
Heidelberg, Germany), rat anti-mouse MAG-2
(dilution, 1:200; Cedarlane Corp., Burlington,
Ontario, Canada), goat anti-mouse CD34 (dilu-
tion, 1:100; Santa Cruz Biotechnology, Santa Cruz,
Calif.), rabbit anti-human Ki67 (clone SP6; dilu-
tion, 1:200; Thermo Fisher Scientific, Fremont,
Calif.), and rabbit anti-mouse CD206 (dilution,
1:100; Santa Cruz Biotechnology). For double
fluorescence staining, the following secondary
antibodies were used: Alexa Fluor 488—conjugated
goat anti-guinea pig immunoglobulin G (dilution,
1:200; Invitrogen, Carlsbad, Calif.), Alexa Fluor
568-conjugated donkey anti-rat immunoglobu-
lin G (dilution, 1:200; Invitrogen), Alexa Fluor
488—conjugated donkey anti-goat immunoglobu-
lin G (dilution, 1:200; Invitrogen), Alexa Fluor
594—conjugated donkey anti-rabbit immunoglobu-
lin G (dilution, 1:200; Invitrogen), and Alexa Fluor
488-conjugated goat anti-rabbit immunoglobulin
G (dilution, 1:200; Invitrogen). An isotype immu-
noglobulin G was used as a negative control for
each immunostaining. Nuclei were stained with
Hoechst 33342 (dilution, 1:200; Dojindo, Tokyo,
Japan) and blood vessels were stained with isolec-
tin 488 (dilution, 1:200; Invitrogen). The number
of small adipocytes (perilipin-positive cells with a
diameter <20 pm) was counted in at least four field
images for each sample.

Statistical Analysis

The results are expressed as mean = SEM. The
Welch ¢ test was used for all comparisons. Values
of < 0.05 were considered statistically significant.

RESULTS

Macroscopic and Weight Changes of Grafted
Tissue Samples

The size and weight of the grafted fat tissue
decreased over time (Fig. 1). [See Figure, Sup-
plemental Digital Content 1, which shows immu-
nohistology for viable adipocytes in transplanted
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Fig. 1. Grafted fat tissue samples. (Above) Macroscopic views of
grafted fat samples before and 12 weeks after grafting. (Below)
Weight of grafted samples. The sample weight was normalized
by dividing the sample weight by the body weight. The normal-
ized weight ratio was significantly reduced at 12 weeks, com-
pared with the ratio at baseline. Data are shown as mean + SEM
(*p < 0.05).

samples (complete version of Fig. 2), http://links.
lww.com/PRS/A944. Harvested tissue samples
(before and 1, 2, 4, 8, and 12 weeks after grafting)
were immunostained for perilipin (cytoplasm of
viable adipocytes, green), MAC2 (monocytes/
macrophages, red), and Hoechst 33342 (nuclei,
blue). Rectangles in the low-magnification images
(left column; yellow scale bars = 100 pm) were
further magnified in the right column (white
scale bars = 30 um). Demarcation between the
surviving and regenerating zone became clear at
1 week (dotted line); dead adipocytes (¥) were
perilipin-negative and surviving adipocytes were
strongly positive for perilipin. Small preadipocytes
with multiple intracellular lipid droplets (arrows)
appeared around dead adipocytes at 2 to 4 weeks;
the dead adipocytes were surrounded by a single
layer of macrophages (red). Adipose regenera-
tion was finished by 12 weeks, leaving large lipid
drops (#) in the tissue.] The normalized sample
weight ratio did not change significantly up to
and including 8 weeks, but it exhibited a large

decrease between 8 and 12 weeks. The mean
normalized weight ratio at 12 weeks (0.19 + 0.05,
n = 3) was less than one-third of the ratio at base-
line, before grafting (0.62 + 0.07, n=3).

Dynamic Adipose Tissue Remodeling after
Grafting

Viable adipocytes and macrophages were
visualized by immunohistochemistry staining for
perilipin and MAC2, respectively (Fig. 2) (see
Figure, Supplemental Digital Content 1, http://
links.lww.com/PRS/A944). At baseline, mature
adipocytes (perilipin-positive) with relatively con-
sistentsize (70- to 120-pm diameter) and few mac-
rophages (MAC2*) were observed (Fig. 2, above).
During the first week after fat grafting, many of
the adipocytes died, likely because of ischemia
as reported previously.” At 1 week, demarcation
between the surviving superficial area (surviving
zone) and the dead deeper area (regenerating
or necrotizing zone) was very clear (Fig. 2, sec-
ond row) (see Figure, Supplemental Digital Con-
tent 1, second row, hitp://links.lww.com/PRS/A944)
because dead adipocytes lost their perilipin stain
completely by 1 week. Surviving adipocytes were
located superficially below the tissue edge to a
depth of 100 to 300 um.

At 2 and 4 weeks after grafting, new adipo-
cytes, which were strongly positive for perilipin
and small (<30 pm), were frequently observed
around dead adipocytes in the regenerating zone
(Fig. 2, third row) (see Figure, Supplemental Dig-
ital Content 1, third and fourth rows, hitp://links.
lww.com/PRS/A944). These dead adipocytes were
surrounded by a single layer of infiltrating mac-
rophages. It was very easy to distinguish dead,
shrinking (being absorbed) adipocytes from
new, growing adipocytes; the former were peril-
ipin-negative and surrounded by macrophages,
whereas the latter were strongly positive for per-
ilipin and frequently contained multiple intracel-
lular lipid droplets.

At 8 weeks after grafting, adipogenesis was fin-
ishing and small dead adipocytes were still being
absorbed or replaced with fibrotic material. (See
Figure, Supplemental Digital Content 1, fifth row,
http://links.luww.com/PRS/A944.) At 12 weeks, adi-
pogenesis was complete, and most of the living
adipocytes appeared mature (Fig. 2, below) (see
Figure, Supplemental Digital Content 1, below,
http://links.lww.com/PRS/A944). Absorption and
fibrous replacement of small dead adipocytes
were not yet finished and large lipid drops (accu-
mulated dead adipocytes in the necrotizing zone)
remained.
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Fig. 2. Immunohistology for viable adipocytes in transplanted samples. Harvested tissue
samples obtained before (above) and 1 week (second row), 4 weeks (third row), and 12 weeks
(below) after grafting were immunostained for perilipin (cytoplasm of viable adipocytes,
green), MAC2 (monocytes/macrophages, red), and Hoechst 33342 (nuclei, blue). Rectangles in
the low-magnification images (left column; white scale bars = 100 um) were further magnified
in the right column (yellow scale bars = 30 um). Demarcation between the surviving and regen-
erating zone became clear at 1 week (dotted line); dead adipocytes (*) were perilipin-negative
and surviving adipocytes were strongly positive for perilipin. Small preadipocytes with multi-
ple intracellular lipid droplets (arrows) appeared around dead adipocytes at 4 weeks; the dead
adipocytes were surrounded by a single layer of macrophages (red). Adipose regeneration was
complete at 12 weeks, leaving large lipid drops (#) in the tissue. (See Figure, Supplemental
Digital Content 1, for the complete version of this figure, http://links.lww.com/PRS/A944.)
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Three Zones in Grafted Tissue: Surviving,
Regenerating, and Necrotizing

Three zones were clearly demarcated at 4
weeks: surviving, regenerating, and necrotizing
zones (Fig. 3). The most superficial layer (one to
several rows of adipocytes) was the surviving zone.
The intermediate layer, with a thickness of 600 to
1200 pm, was the regenerating zone, where many

TSYTPERTTE TR CTTPLRTEETD, =
Surviving Regenerating
Zone Zone
Fig. 3. Three demarcated zones in grafted adipose tissue. Immu-
nohistology of a graft sample at 4 weeks showed demarcated
surviving (), regenerating (R), and necrotizing (N) zones. (Above)
A low-magnification image of perilipin staining showed the nec-
rotizing zone (red dotted line) with few perilipin-positive viable
adipocytes (white scale bar = 500 um). (Below) A high-magnifi-
cation image of surviving and regenerating zones (yellow scale
bar = 100 um). The surviving zone comprising several layers
of perilipin-positive viable adipocytes (green) was well demar-
cated from the regenerating zone (white dotted line). Many
perilipin-positive small growing adipocytes were seen adjacent
to perilipin-negative dark round areas (dead adipocytes not yet
absorbed). Vascular endothelial cells and nuclei were stained
with lectin (red) and Hoechst (blue).

new adipocytes were observed adjacent to dead
adipocytes. The innermost zone was the necro-
tizing zone, where new adipocytes were rare and
inflammatory cells, oil drops, and fibrous areas
were seen (Fig. 3, above). Interestingly, although
most adipocytes had already died during the
first week, the size of the grafted tissue did not
change during the first 4 weeks. This indicates
that the dead adipocytes generally maintained
their size during this time, as the oil drops were
slowly absorbed over a period of weeks or months,
depending on their size. This seems to be a spe-
cific characteristic of mature adipocytes; these
cells are extraordinarily large and most of their
volume consists of lipid.

Adipogenesis in the Regenerating Zone

The number of new (pre)adipocytes (small
adipocytes strongly positive for perilipin), rep-
resenting ongoing adipogenesis, was counted in
immunohistochemical sections (Fig. 4). The num-
ber in the regenerating zone increased rapidly
after grafting and peaked at 4 weeks. The number
of new adipocytes was significantly higher at 1, 2,
and 4 weeks than at baseline (0 weeks). Thereaf-
ter, the number declined to baseline by 12 weeks,
suggesting that adipogenesis for remodeling was
complete by 12 weeks.

Cells Surrounding Oil Drops

After adipocyte death during the first week,
numerous dead adipocytes (oil droplets with the
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Fig. 4. Sequential changes in number of new adipocytes. Newly
born adipocytes (preadipocytes), which are small (<20 pm)
and strongly positive for perilipin, were counted. Adipogenesis
peaked at 4 weeks and returned to baseline level by 12 weeks
(*p < 0.05).
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size of adipocytes) were seen in the regenerat-
ing and necrotizing zones. Every oil drop was
surrounded by MAC2'/CD206- macrophages
in the regenerating zone at 2 weeks (Fig. 5,
above), suggesting that these were inflammatory
M1 macrophages scavenging the lipid content.
The macrophages formed a single circular layer
around each oil drop. By contrast, many macro-
phages surrounding oil drops in the necrotiz-
ing zone were MAC2*/CD206", suggesting that
they were antiinflammatory M2 macrophages.
Some of the M2 macrophages were also posi-
tive for CD34. Interestingly, the macrophages
in the necrotizing zone formed a single circular
layer around some oil drops and multiple layers
around others.

In the superficial part of the regenerating
zone, adipogenesis appeared to be complete at 8
weeks, although some large oil drops remained
(Fig. 5, center). These oil drops were surrounded
by single-layered macrophages. At 12 weeks, adi-
pogenesis appeared to be complete in the border
area between the regenerating and necrotizing
zone, but oil absorption or replacement with fibro-
sis was still occurring (Fig. 5, below). Oil droplets
with the size of adipocytes that were not yet com-
pletely absorbed were surrounded by multilayered
M2 macrophages (Fig. 5, below), whereas some oil
droplets were completely absorbed, leaving only
the multilayered M2 macrophages (Fig. 5, below).
These findings likely represent the process of oil
drop replacement by fibrosis, mediated by M2
macrophages. These phenomena were not seen
in the surviving or superficial regenerating zone
but observed only in and around the necrotizing
zone. Histopathologic findings shown in Figures 2
through 5 are summarized in Table 1.

Proliferating Cells during the Adipose
Remodeling Process

Sequential changes of the number and type
of proliferating cells were examined using immu-
nohistochemical sections for Ki67 (Table 2).
Although cell proliferation was generally not
active until 1 week, numerous proliferative cells
were observed in the regenerating and necrotic
zones at 2 and 4 weeks. The proliferating cells
were predominantly MAC2* macrophages, and
other proliferating cells were CD34* cells; most
of the CD34* cells were likely adipose stem/pro-
genitor/stromal cells. At 8 weeks, proliferating
cells were rare in the regenerating zone, but there
were still many proliferating cells in the necrotiz-
ing zone, suggesting that remodeling in the regen-
erating zone was finishing at 8 weeks. Thereafter,
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the number of proliferating cells in the necrotiz-
ing zone decreased over time, but some proliferat-
ing cells remained in the necrotizing zone even at
12 weeks, suggesting that dynamic cellular events,
such as lipid absorption or fibrosis replacement,
were still ongoing. '

DISCUSSION

To experimentally simulate human micro-
fat grafting, we selected a mouse model of an
autologous fat graft with the inguinal fat pad as
donor tissue and the head as the recipient site.
The inguinal fat pad is the approximate size of a
typical human microfat injection (150 to 200 mg)
and it is easy to prepare consistently, although we
did not use aspirated fat tissue and it may inter-
fere with the outcomes. Another limitation is that
the mouse has little subcutaneous fat tissue and
thus the recipient condition is not comparable
with that in humans. As the scalp is immobile,
it is an ideal location for ensuring postoperative
immobilization.

This study reconfirmed the adipocyte replace-
ment theory that we reported previously’ and
presented further details regarding adipocyte
replacement with new-generation cells. Demarca-
tion of the surviving zone (100 to 300 pm thick)
from the regenerating zone (600 to 1200 pm
thick) became clear at 1 week, and new adipocytes
(preadipocytes) with intracellular multiple lipid
droplets appeared around the dead adipocytes
at 1 to 2 weeks, surrounded by a single layer of
M1 macrophages (producing a crown-like struc-
ture). Adipose stem/progenitor/stromal cells
are known to be located perivascularly along the
capillaries between adipocytes.'® We previously
showed that adipose stem/progenitor/stromal
cells are exceedingly tolerant to ischemia, allow-
ing them to remain alive for up to 3 days under
conditions of severe hypoxia.® Perivascular adi-
pose stem/progenitor/stromal cells are activated
by the death of adjacent adipocytes and give rise
to new adipocytes in the regenerating zone if
the microenvironment, including the vascular-
ity and oxygen tension, is improved within 3 days
after grafting. If capillary growth from surround-
ing intact tissue does not reach the area and the
microenvironment does not improve sufficiently
within 3 days, the adipose stem/progenitor/stro-
mal cells will also die, thereby aborting the regen-
erative process. This area will then become the
necrotizing zone.

Interestingly, although most of the adipocytes
died after fat grafting, the graft size and weight
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Fig. 5. Histology for macrophages working in adipose remodeling. Macrophages were visualized
with immunostaining for MAC2. (Above) At 2 weeks, in the regenerating zone (R) demarcated
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Table 1. Summary of Histopathologic Findings after Fat Grafting

General Comments Surviving Zone

Regenerating Zone Necrotic Zone

1wk Matured adipo-
cytes remain

intact (keep-

Surviving zone is clearly demar-
cated from other zones where
- ischemic degeneration is

seen. As regeneration is not ing perilipin
obvious, regenerating zone expression
is not yet clearly demarcated and round
from necrotizing zone. shape).

2-4 wk Regeneration is seen and Same as above.
peaked at 4 wk. Scavenging

dead adipocytes by infil-

trated macrophages progress

simultaneously. The bor-

der between regenerating

zone and necrotizing zone

becomes clear.

8wk  Most new adipocytes get Same as above.
matured and the border

between surviving zone and

regenerating zone become

unclear.

12 wk  The total size of the tissue Same as above.
becomes small, probably

resulting from accelerated

oil absorption. Regeneration

appears completed in the

regenerating zone, although

stabilization of the tissue is

not yet completed in the cen-

tral necrotizing zone.

All adipocytes died (lost

Numerous growing

Most of the new adipo-

Tissue is filled with

All adipocytes died (lost perilipin
perilipin expression) expression).
and remain as adipo-

cyte-sized oil droplets.

Regenerative events

are not yet obvious.

Dead adipocytes and numerous
inflammatory cells (lymphocytes
and macrophages) are observed,
but no regenerative changes
such as new preadipocytes are
seen. A numerous number of
M2 macrophages are seen, as

preadipocytes (small,
perilipin-positive, and
containing multiple
tiny lipid droplets)
emerge between
crown-like structures

(dead adipocytes are M1 macrophages. Large oil
surrounded by M1 drops (derived from many dead
macrophages). adipocytes) surrounded by mac-

rophages are seen.

No adipogenesis is seen. Many
small and large oil drops were
seen along with numerous
inflammatory cells. Some oil
drops are surrounded by multi-
layered M1 and M2 macrophages,
suggesting that fibrogenesis is in
progress with scavenging.

The number of small oil drops
is reduced, but many large oil
drops remain with surrounding
inflammatory cells, suggesting
that the stabilization process will
further need a long time until
completed.

cytes get matured and
the number of small
adipocytes is small.

matured adipocytes
and appears intact.

did not change significantly until 8 weeks. This
observation can be explained by the immunohis-
tologic findings at 2 and 4 weeks. Numerous small

Fig. 5. (Continued) from the surviving zone (S), dead adipocytes
were surrounded by MAC2*CD206~ M1 macrophages (scale
bar = 50 um). MAC2+*CD206* M2 macrophages were observed in
the necrotizing zone and M1 macrophages. (Center) At 8 weeks,
the number of perilipin-positive small adipocytes was reduced,
suggesting that the regeneration was finishing (scafe bar = 100
um). Groups of dead adipocytes formed oil drops (#), which were
surrounded by macrophages. (Below) At 12 weeks, in border areas
between the regenerating (R) and necrotizing (N) zones, adipo-
genesis appeared to be complete, but oil absorption and fibrous
replacement were still ongoing. In addition to large oil drops (#)
surrounded by macrophages, adipocyte-sized macrophage clus-
ters were observed with (yellow arrowheads) or without (white
arrowheads) lipid droplets inside (left; scale bar = 200 pm). The
lipid droplet—containing macrophage cluster was composed of
an innermost single layer of M1 macrophages (MAC2+*CD206")
and outer multilayered M2 macrophages (MAC2+*CD206)
(right; scale bar = 50 um). It is suspected that M2 macrophages
appeared in unfavorable conditions where adipocyte regenera-
tion failed and fibrous replacement of the space was needed.
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oil droplets (adipocyte size; derived from a single
dead adipocyte) and large drops (from multiple
dead adipocytes) surrounded by macrophages
were histologically detected at 1 week and later.
However, the oil drops were only slowly absorbed,
so they continued to contribute volume and
weight to the sample for weeks or even months.
Thus, the dead adipocytes functioned as spacers
to maintain the grafted tissue volume during the
remodeling process; this phenomenon appears to

Table 2. Type and Localization of Proliferating Cells

Surviving Regenerating
Zone Zone Necrotizing Zone
Before - - -
1 wk - + —
(MAC2' > CD34")
2wk - +++ +4++
(MACZ2*>CD34") (MAC2*> CD34")
4 wk - +++ +++
(MAC2">CD34*) (MAGC2'>CD34")
8 wk - - +4
(MAC2* > CD34*)
12 wk - - +
(MAC2' > CD34%)
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facilitate the dynamic adipocyte replacement by
activated adipose stem/progenitor/stromal cells.
Our results suggest that the first 3 months after
transplantation is a period of tissue repair and that
adipogenesis will not occur after this period. After
the initial ischemic damage to the tissue, inflam-
matory cells infiltrated the grafted tissue, initially
entering the regenerating zone and then the nec-
rotizing zone. In the regenerating zone, adipogen-
esis and angiogenesis progressed and many of the
dead adipocytes were replaced with next-genera-
tion adipocytes, which probably originated from
tissue-resident adipose stem/progenitor/stromal
cells. In parallel with the regenerating events, sta-
bilizing events, such as lipid absorption (phago-
cytosis) and lipid replacement with scar tissue
(fibrosis), occurred. Both the regenerating and sta-
bilizing processes progressed from the superficial
layers of the regenerating zone to the deeper layers
over the first 3 months. Although the regeneration
process peaked at 4 weeks and was complete by 3
months, the stabilizing process was not finished at
3 months. The stabilizing process may persist for
at least several more months, as suggested by clini-
cal observations that volume reduction after fat
grafting continues until the end of the first year.
Our findings also showed that adipocyte-sized oil
droplets were absorbed or temporarily filled with
multilayered M2 macrophages, producing fibrosis,
but substantially larger oil drops may form oil cysts
in several months and remain permanently.
Immunohistologic assessment for Ki67 dem-
onstrated the presence of proliferative cells during
the remodeling process. Ki67*/CD34" cells (pro-
liferating more) appeared at 1 week, increased in
number at 2 to 4 weeks in the regenerating zone,
and thereafter decreased gradually, suggesting
that these cells are associated with adipogenesis/
angiogenesis. However, a majority of the prolifer-
ating cells in the repair period were not adipose
stem/progenitor/stromal cells, but were MAC2*
monocytes/macrophages, which were seen in
both the regenerating and necrotic zones. Ki67*/
MAC2* cells appeared as single or multiple layers
of cells surrounding oil droplets, suggesting that
M1 and M2 macrophages continued to proliferate
during the stabilizing process. Proliferating anti-
inflammatory M2 macrophages originating locally
have been reported in various inflammatory con-
ditions.!? The number of Ki67*/MAC2* cells
decreased gradually after 4 weeks, reflecting the
changing dynamics of the remodeling process.
Our results suggested that two different types
of macrophages, M1 and M2 macrophages, may
have distinct roles: phagocytosis and fibrosis (or

managing the dead space), respectively. M2 mac-
rophages appeared at later stages than M1 macro-
phages, and they were frequently observed in deeper
zones, suggesting that M2 macrophages have a bio-
logical role in working under unfavorable microen-
vironments, such as severe ischemia. Two types of
small oil droplets were observed: adipocyte-sized oil
droplets surrounded by a single layer of M1 macro-
phages and smaller oil droplets surrounded by mul-
tiple, stratified macrophages (an inner single layer
of M1 macrophages and outer multiple layers of M2
macrophages). These findings suggest that M2 mac-
rophages contribute to filling the dead space with
fibrous tissue in parallel with lipid absorption in the
deeper regenerating and necrotic zones.

Based on the results of the present study, we
have summarized the fate of adipocytes in grafted
adipose tissue in Figure 6. The fate of these cells
depends on the microenvironment (such as vas-
cularity and oxygenation) in which each adipocyte
is placed. Adipocytes remain alive in the surviving
zone, whereas they die shortly after grafting in the
regenerating and necrotizing zones. On adipocyte
death, adjacent adipose stem/progenitor/stromal
cells are activated and begin to differentiate into
adipogenic lineage cells in the regenerating zone,
whereas adipose stem/progenitor/stromal cells also
die in the necrotizing zone. Dead adipocytes under
better conditions in the regenerating zone are
phagocytized by M1 macrophages and are success-
fully replaced by new adipocytes without residual
fibrosis. By contrast, dead adipocytes under worse
conditions in the regenerating or necrotizing zones
are surrounded by M1 and M2 macrophages; oil
absorption by M1 macrophages occurs along with
fibrous replacement of the space (fibrogenesis) by
M2 macrophages. In the necrotizing zone, many
large oil drops, derived from a group of dead adi-
pocytes, are formed, which are also surrounded by
M1 and M2 macrophages. The time required for oil
absorption is generally proportional to the oil drop
diameter, and oil absorption and fibrous replace-
ment are not complete within 3 months for large oil
drops. For these drops, complete absorption of the
oil content may occur for many more months or a
cystic wall may form that prohibits total absorption.

CONCLUSIONS

This study revealed the underlying mecha-
nisms of successful (regeneration) and unsuccess-
ful (cicatrization) tissue remodeling, which should
facilitate the future development of strategies
to improve the clinical outcome of fat grafting.
Grafted fat tissue undergoes degeneration during
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Fig. 6. Conclusive schema for the fate of adipocytes in grafted fat. During the first 3 months of
adipose tissue remodeling, transplanted adipocytes have differential fates depending on their
microenvironments. In this schema, complex cellular events are simplified and the adipocyte
fate is categorized into four patterns: survival, successful regeneration, failed regeneration (cica-
trization), and oil cyst formation. Cicatrization and oil cyst formation are often not complete at
3 months. ASC, adipose stem/progenitor/stromal cells.

the first week, and regeneration peaked at 4 weeks.  respectively, in the regenerating and necrotizing
Adipose tissue-resident progenitor cells contribute ~ zones. The stabilization process after failed regen-
to the regeneration, and M1 and M2 macrophages  eration appears to persist for a long time. The size
play pivotal roles in phagocytosis and cicatrization,  of the necrotizing zone depends predominantly
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on the size of the grafted tissue and the microen-
vironment into which it is placed. Necrotic zones
will eventually be absorbed, filled with fibrous tis-
sue, or become problematic cysts. To minimize the
size of the necrotic zone, liposuction and reinjec-
tion procedures could be improved by preparing
grafts with better viability and an appropriate size,
maximizing the contact surface of the grafts by
ideal distribution, and placing the grafts in areas
with high vascularity. Stabilization of the grafted
fat may not occur until many months after com-
plete regeneration at 3 months, thereby empha-
sizing the importance of long-term follow-up to
thoroughly evaluate the clinical results of micro—
fat-grafting procedures.
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nating modality for tissue repair and recon-

struction, because adipose tissue contains
many stem cells that may revitalize pathologic tis-
sues, such as irradiated tissue.! Recent technical
and scientific advances in fat-grafting procedures
and concepts have reduced clinical complications
and improved predictability,2® resulting in relative
acceptance of large-volume fat grafting even to the
breast.*® However, central fat necrosis certainly
occurs when fat is grafted as a large (>3 mm) drop
and microenvironments around grafted fat are
not properly improved during the first 3 days.'"

Autologous fat injection has become a fasci-
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Thus, we need to learn more clearly what occurs
and how problematic it is if fat grafting is not per-

formed appropriately.’***

Oil cysts and calcifications caused by fat necro-
sis have been reported frequently.’**® Microcalci-
fication or macrocalcification was detected in 25
percent of cases at 16.2 + 13.5 months after lipoin-
jection into the breast,'® although another study
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reported that microcalcification occurs in only 3.9
percent of patients.'” Gosset et al.’® reported that
mammograms detected microcalcifications in 19
percent and magnetic resonance imaging found
cystic lesions in 47 percent. However, it remains
unknown how and when oil cysts and calcifica-
tions are formed and how surgeons can avoid or
treat them.

In this study, we investigated patients with
complications after fat grafting to the breast for
cosmetic augmentation; patients with multiple
oil cysts presented the most severe symptoms. We
carefully examined histologic samples of removed
oil cysts and analyzed long-term images such as
mammograms and computed tomographic scans.

PATIENTS AND METHODS

Oil Cysts Removed from Patients Who Had
Undergone Fat Grafting to the Breast

Oil cysts were removed from three women
(cases 1, 2, and 3) (Table 1) who had undergone
bilateral cosmetic breast augmentation with autol-
ogous fat injections at unknown cosmetic surgery
clinics in Japan 2, 4, or 6 years ago, respectively.
None of them has any children or a family history
of breast cancer. They became aware of subcuta-
neous nodules with abnormal symptoms such as
tenderness and contracture in both breasts and
visited our hospital. Computed tomographic
or magnetic resonance imaging was performed
preoperatively.

Macroscopic and Stereomicroscopic Examination

At the time of removal of oil cysts, the inner
content and the wall structure were photo-
graphed and evaluated macroscopically and
stereomicroscopically.

Histologic Examination

All tissue samples removed were fixed (IHC
Zinc Fixative; BD Biosciences, San Diego, Calif.)
and embedded in paraffin wax. The samples were
sectioned at 5 pm and subjected to the following
staining procedures. Hematoxylin and eosin stain-
ing was performed for basic screening, whereas
von Kossa staining and Alizarin Red S staining were

Table 1. Patient Data from Histologic Samples

conducted to visualize calcifications in black and
red, respectively. For immunohistochemistry, the
following primary antibodies were used: guinea
pig anti-perilipin antibody (Progen, Heidelberg,
Germany) to stain viable adipocytes, rat anti-
MAC2 antibody (Cedarlane Laboratories, Burl-
ington, Ontario, Canada) to stain macrophages,
goat anti-CD34 antibody (Santa Cruz Biotech-
nology, Inc., Santa Cruz, Calif.) to stain adipose-
derived stromal cells and vascular endothelial
cells, and mouse anti-CD206 antibody (Santa
Cruz Biotechnology) to stain anti-inflammatory
M2 macrophages. Isotypic antibodies were used
as a negative control for each immunostaining.
For visualization, Alexa Fluor 488—- or Alexa Fluor
568—-conjugated secondary antibodies (Molecular
Probes, Carlsbad, Calif.) were used. Vessels (vas-
cular endothelial cells) were stained with Alexa
Fluor 594—conjugated isolectin GSIB, (Molecu-
lar Probes) and nuclei were stained with Hoechst
33342 (Dojindo, Kumamoto, Japan).

Long-Term Follow-Up Analyses: Computed
Tomographic and Mammographic Images

We also analyzed sequential computed tomo-
graphic and mammographic images taken from
patients who underwent fat injections to the
breast and were followed over several years.

RESULTS

Preoperative Imaging Findings

Using computed tomography or magnetic res-
onance imaging, oil cysts were detected in all three
cases; eggshell-like calcifications were detected on
computed tomographic images, which were diag-
nosed as benign lesions resulting from fat necrosis.
Preoperative computed tomography or magnetic
resonance imaging of cases 1 through 3 are shown
in Figures, Supplemental Digital Content 1 through
3, hittp://links.lww.com/PRS/A964, hitp://links.lww.
com/PRS/A965, and http://links.lww.com/PRS/
A966, respectively. See Appendix for details.

In case 1, preoperative computed tomography
showed that there was a single large calcified oil
cyst under each mammary gland, and it was sus-
pected that 100 to 200 ml of fat tissue had been

Case Age (yr) Postoperative Period (yr) Injection Material Findings

1 24 2 Autologous fat Oil cysts, calcifications
2 30 4 Autologous fat Oil cysts, calcifications
3 30 6 Autologous fat Oil cysts, calcifications
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introduced in abolusinjection before. (See Figure,
Supplemental Digital Content 1, B, hitp://links.
lww.com/PRS/A964.) In case 2, three-dimensional
computed tomography clearly indicated two large
lumps with eggshell-like calcification below the
mammary gland on each side. (See Figure, Sup-
plemental Digital Content 2, B, http://links.lww.
com/PRS/A965.) Preoperative magnetic resonance
imaging scan of case 3 showed multiple oil cysts,
and the largest was located below the left mam-
mary gland. (See Figure, Supplemental Digital
Content 3, B, hitp://links.lww.com/PRS/A966.)

Macroscopic and Stereomicroscopic Findings

In all cases, the removed oil cysts were filled
with muddy contents, caused by fat necrosis (Fig. 1,
left). Examinations under a stereomicroscope
showed that the cyst wall had two white fibrous
layers, between which a yellowish softer layer was
observed. Scaly calcifications were observed on the
inner surface of the wall (Fig. 1, right). Detailed
macroscopic and microscopic findings of cases
1 through 3 are shown in Figures, Supplemental
Digital Content 1 through 3, http://links.lww.com/
PRS/A964, hitp://links.lww.com/PRS/A965, and
http://links.lww.com/PRS/A966, respectively.

Histopathology of Oil Cyst Walls

The oil cyst walls commonly had two fibrous
layers as the innermost and outermost layers
(Fig. 2, above). (See Figures, Supplemental Digital
Content 2, D, http://links.lww.com/PRS/A965, and
Supplemental Digital Content 3, C and D, http://
links.lww.com/PRS/A966.) Between the two fibrous
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layers, we observed healthy appearing adipose tis-
sue, degenerated adipose tissue, and connective
tissue (Fig. 2, center and below, lefi). Some part of
the adipose layer contained round adipocytes with
strong expression of perilipin, blood vessels, and
CD34* adipose-derived stromal cells, suggesting
that it was close to healthy adipose tissue (Fig. 2,
below, right). In contrast, the other part of the adi-
pose layer was degenerated adipose tissue, which
had irregularly shaped adipocytes weakly positive
for perilipin, oil droplets with no expression of
perilipin, and some fibrous areas (Fig. 2, below, lefl,
and Fig. 3, lefi). (See Figure, Supplemental Digital
Content 3, E, hitp://links.lww.com/PRS/A966.) Vari-
ous inflammatory cells, including lymphocytes and
macrophages, had infiltrated into the degenerated
part.

The degenerated fat portion contained a
fibrous area where a number of small oil droplets
(dead adipocytes) were present (Fig. 2, above, and
Fig. 3, left). Those oil drops were surrounded by
inflammatory cells, predominantly MAC2* macro-
phages (Fig. 3, left). Most of the macrophages were
found to be CD206", indicating that they were anti-
inflammatory M2 macrophages (Fig. 3, right). The
patient in case 3, who had the longest follow-up
after fat injection (6 years), showed a large area of
fibrosis in the intermediate layer, suggesting that
the degenerated fat portion may become fibrotic
over time and that M2 macrophages may con-
tribute to the fibrogenesis. Von Kossa and Aliza-
rin Red S staining was performed to evaluate the
degree and location of calcifications. All oil cysts
showed calcifications localized in the innermost

Fig. 1. Macroscopic and stereomicroscopic appearance of an oil cyst in case 2. Fat grafting was
performed 4 years earlier and multiple cysts were left in both breasts. (See Figure, Supplemental
Digital Content 2, http://links.lww.com/PRS/A965.) (Left) Macroscopically, the oil cyst was filled
with muddy content, caused by fat necrosis, and calcified scales were seen on the inner surface
of the cyst wall. (Right) Stereomicroscopically, the cyst wall had two white fibrous layers, between
which a yellowish softer layer was observed. The arrowhead shows a calcified scale on the wall.
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Degenerated Regular
fat fat
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Degenerated
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Fig. 2. Histologic analysis of the cyst wall of the patient in case 1. Fat grafting was performed 2 years ear-
lier and multiple cysts were left in both breasts. (See Figure, Supplemental Digital Content 1, http://
links.lww.com/PRS/A964.) (Above) Hematoxylin and eosin staining showed that surfaces on both sides
of the cyst wall were fibrous layers. Scale bar = 300 um. (Center) Immunohistochemistry showed that
there were regular and degenerated fatty portions between the inner and outer fibrous layers. Scale
bar = 300 pm. (Below, left) The regular fatty portions had intact round adipocytes (perilipin-positive),
whereas degenerated fatty layers had many dead (perilipin-weak or -negative) adipocytes and fibrous
areas. Scale bar = 100 pum. (Below, right) The regular fatty portions had many vessels and capillaries
(lectin-positive) and CD34* adipose stem/progenitor cells. Scale bar = 50 um.

fibrous layer (Fig. 4). Calcifications were also seen
in the intermediate fibrous region of the cyst wall
in cases 2 and 3 (Fig. 4, center and below) and case
3 showed most intense calcified deposits among
the three cases, suggesting that calcifications may
develop progressively in the cyst wall over time
(Fig. 4, below). (See Figure, Supplemental Digital
Content 3, E, hitp://links.lww.com/PRS/A966.)

Clinical Findings on Computed Tomography or
Mammography of Long-Term Follow-Up Cases
We examined sequential follow-up computed
tomographic and mammographic images in
patients with oil cysts. On computed tomographic
images, the cyst content was heterogeneous and

the cyst wall was thick enough to be clearly detect-
able. The cyst had already formed at 6 months but
did not change in size between 3 and 8 years, sug-
gesting that the cyst size was final and would not
change in the future (Fig. 5). [See Figure, Supple-
mental Digital Content 4, which shows sequential
computed tomographic images and mammog-
raphy of oil cysts, http://links.lww.com/PRS/A967.
Computed tomographic images were sequentially
taken from a patient (34-year-old woman) with
multiple oil cysts in both breasts who did not
undergo any removal of the cysts. The size of oil
cyst did not change between 3 and 8 years, but cal-
cifications progressed during the period.] Calcifi-
cations in the cyst wall were not clear at 6 months,
but developed gradually over time.
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Fig. 3. M2 macrophages in dééeheréted portions of the cyst wall (case 2
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Left) Degenerated portions showed

). (

many small and large oil droplets (perilipin-negative) in the fibrous area. All oil droplets were surrounded by
MAC2* macrophages. Scale bar = 100 um. (Right) Most of the macrophages were positive for both MAC2 and
(D206, indicating that they were anti-inflammatory M2 macrophages. Scale bar = 30 um. (See Figure, Supple-
mental Digital Content 2, http://links.lww.com/PRS/A965.)

Sequential mammographic images indicated
that sand-like (or small stonelike) macrocalcifi-
cations progressed over time up to several years
even when no calcifications were detected at 1 year
(Fig. 6). [See Figure, Supplemental Digital Content
5, which shows sequential mammographic images
of a patient with fat grafting to the breast, http://
links.lww.com/PRS/A968. Mammograms were taken
sequentially from a patient (30-year-old woman) who
underwent fat grafting to the breast with no postop-
erative lJumps. Calcification was not apparent at 1
year, but sand-like macrocalcifications were clearly
detected at 2 years and progressed over time, indi-
cating that calcifications grow progressively at least
up to several years even with no noticeable lump. It
is suspected that small necrotic areas become sand-
like calcifications, whereas larger necrotic areas
become oil cysts with eggshell-like calcification. ]
It is suspected that small areas of necrosis become
sand-like calcifications, whereas large areas of necro-
sis becomes oil cysts with eggshell-like calcifications.
(See Figure, Supplemental Digital Content 4, which
shows sequential computed tomographic images
and mammography of oil cysts, hitp://links.lww.com/
PRS/A967. Mammography of the patient at 8 years.
Many eggshell-like calcifications are shown.)

DISCUSSION

Autologous fat injection to the breast has
become more popular, not only for breast recon-
struction, but also for cosmetic augmentation
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worldwide. However, it must be kept in mind
how serious oil cysts are for patients and how
important it is to prevent fat necrosis. As shown
in this study, oil cysts are the worst outcome of
fat grafting—much worse than no retention.
Oil cysts show long-term inflammation and pro-
gressive calcification and problematic clinical
symptoms. Indeed, they are permanently prob-
lematic; they become neither silent nor reduced
in size.

Our results showed that cyst walls chronically
contained degenerated fatty portions with numer-
ous inflammatory cells, mainly M2 macrophages.
The long-term existence of a degenerative fat
portion indicates that the microenvironment in
the cyst wall, such as oxygen tension and/or pro-
genitor cell number, is insufficient for normal adi-
pogenesis. Thus, chronic inflammation persists
in oil cyst walls even after several years, which is
presumably associated with the progressive fibro-
sis and calcification and the problematic clinical
symptoms.

Anti-inflammatory M2 macrophages are dis-
tinguished from inflammatory M1 macrophage
populations by several markers, including the
interleukin-4R, mannose receptor (CD206),
Argl, and Fizzl.'*% Although M1 macrophages
play dominant roles in phagocytosis in acute tis-
sue remodeling, the proportion of M1 to M2
macrophages changes with the adaptive immune
response from acute to chronic inflammation.'
Monocytes attracted to a site of inflammation



