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Background: Although immunohistochemical techniques and proteomic analysis are widely used for
typing diagnosis of amyloidosis, the diagnostic utility of immunohistochemical evaluation is not well
understood.

Methods: We used immunohistochemical techniques to characterize staining patterns of in-house rabbit
polyclonal anti-k, anti-A, anti-transthyretin antibodies, and commercial anti-amyloid A and anti-B.-
microglobulin antibodies in 40 autopsy cases.

Results: In thirty cases (75%), the subtype was determined by using the criterion that amyloid is
strongly and diffusely positive for one antibody while negative for other antibodies. We then performed
proteomic analysis of all 40 cases. In 39 cases, we identified only one amyloid protein and confirmed
the immunohistochemically determined subtypes of the abovementioned 30 cases. In seven other cases,
we could retrospectively determine subtypes with immunohistochemistry by using information from
proteomic analysis, which increased the immunohistochemistry diagnosis rate to 92.5% (37/40). In one
case, we identified double subtypes, both immunohistochemically and with proteomic analysis. In the
remaining three cases, proteomic analysis was essential for typing diagnosis.

Conclusions: The present findings suggest that combined immunohistochemistry and proteomic analy-
sis is more useful than immunohistochemistry alone. Our findings highlight the importance of carefully

interpreting immunohistochemistry for anti-TTR and light chain and offer insights that can guide amy-

loid typing through immunohistochemistry. (J] Nippon Med Sch 2024; 91: 261-269)
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Introduction
Amyloidosis is a disease in which amyloid proteins de-
posited in the extracellular matrix cause organ damage.
Currently, 42 different amyloid proteins have been re-
ported’, the most common of which are amyloid light
chain k¥, A (ALx, ALA), amyloid transthyretin (ATTR),
amyloid A (AA), and amyloid B-microglobulin (AB2M).
In recent years, therapies have been developed for some
subtypes of amyloidosis, and accurate diagnosis of amy-
loid subtypes has become important’. Of particular inter-

est are transthyretin (TTR) tetramer stabilizers for ATTR

amyloidosis, which were shown to be effective for ATTR
cardiomyopathy™. CD38-targeting antibodies for the
treatment of plasma cell myeloma have also been used to
treat AL amyloidosis™.

To diagnose amyloidosis, amyloid deposition is de-
tected by Congo red staining, and amyloid proteins are
generally identified by immunohistochemistry (IHC)".
When it is difficult to determine subtype because of
false-positive or false-negative immunoreactivity or sus-
pected deposition of multiple amyloid proteins, laser mi-

crodissection (LMD)-liquid chromatography-tandem mass
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spectrometry (LC-MS/MS) is used to identify the amy-
loid proteins”™, and absolute quantification of specific
amyloid proteins using an isotope labeling technique is
applied’. We raised anti-k chainiisis, anti-A chainusas (rab-
bit polyclonal)”’, anti-TTRus.w: (rabbit polyclonal)' anti-
bodies. Antibodies for AL target the constant region and
do not stain amyloids derived solely from the variable
region, which account for approximately 10-15% of amy-
loids"”. TTR antibody reacts exclusively with amyloid de-
posits, not with serum". These antibodies, in combination
with commercially available antibodies for AA and f-
microglobulin (B,-m), were used by a government-funded
group for amyloidosis surveys and research in Japan
(GSRA-]) and were useful for IHC subtype diagnosis in
about 95% of amyloidosis cases”. However, several de-
tails, such as the accuracy of IHC studies and the fre-
quency of false-positive and false-negative findings, have
not been fully clarified.

Using IHC utilizing antibodies against five amyloid
proteins, with further validation of subtypes by LC-MS/
MS, we investigated amyloid subtypes in 40 autopsied

patients with systemic amyloidosis.

Materials and Methods

Ethics Statement

The study protocol was performed in accordance with
the principles of the Declaration of Helsinki and was ap-
proved by the Human Ethics Committee of Nippon
Medical School (No. B-2020-200). Autopsies were per-
formed after receiving informed consent. As this study
was conducted using autopsy records, we could not ob-
tain informed consent from the bereaved family for the
use of the records. Therefore, in accordance with the
“Ethical Guidelines for Medical Research Involving Hu-
man Subjects” (enacted by the Ministry of Health, Labor
and Welfare in Japan), the opportunity for the family to
refuse access to records by opting out was guaranteed.

Patients and Tissue Samples

Among the 5,298 autopsies performed at Nippon
Medical School Hospital from 1982 to 2020, 49 cases with
“amyloid” noted in the autopsy report were selected. Six
cases were later excluded: four with localized amyloido-
sis and two that had been diagnosed by direct fast scarlet
alone but were confirmed as negative by Congo red
staining in this study. Of the remaining 43 (0.81%) cases
with systemic amyloidosis, data from 40 cases with avail-
able histological specimens were ultimately analyzed
(Supplemental Table 1: https://doi.org/10.1272 /jnms.JN
MS.2024_91-304).
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Supplemental Table 2 (https://doi.org/10.1272 /jnms.]
NMS.2024_91-304) summarizes the sites of amyloid depo-
sition in relation to the descriptions in the autopsy re-
ports. Formalin-fixed paraffin-embedded (FFPE) heart
specimens with amyloid deposits were chosen in all
cases except Case 1, in which a heart specimen was not
available and thus kidney tissue with amyloid deposits
was used. Serial tissue sections of the specimens were cut
at 3-pm thickness for hematoxylin and eosin staining,
Congo red staining, and IHC, and at 10-um thickness for
LMD-LC-MS/MS.

Congo Red Staining and THC

Amyloid deposits were histologically confirmed by
Congo red staining, showing typical apple-green birefrin-
gence under polarized light. To identify amyloid pro-
teins, five antibodies against individual amyloid proteins
were used (Supplemental Table 3: https://doi.org/10.12
72/jnms.JNMS.2024_91-304)""". THC intensity and stained
area were evaluated on a scale of 0 to 2+, as follows: 0,
negative; 1+, weakly and/or focally positive; 2+, strongly
and diffusely positive. Amyloid subtype was determined
when the Congo red-positive area was positive for only
one antibody (2+) and negative for other antibodies (0).

Tissue Preparation for LMD-LC-MS/MS

FFPE specimens (10-um-thick) from the heart were
used for proteomic analysis using LMD-LC-MS/MS ac-
cording to a previously reported procedure” with slight
modifications. The sections were deparaffinized with xy-
lene, rehydrated through a graded alcohol series, and
stained with Congo red. Congo red-positive regions (ap-
proximately  50,000-60,000 pm?®) were dissected using
LMD (LMD7000, Leica Microsystems GmbH, Wetzlar,
Germany) and lysed in buffer with 10 mM Tris-base/1
mM EDTA /0.002% Zwittergent 3-16. After sonication and
boiling, samples were digested overnight using 0.5 pg
Trypsin Gold (V528A, Promega, Madison, WI, USA) at 37
°C. After adding dithiothreitol and boiling, samples were
evaporated in a vacuum concentrator centrifuge system
at 37°C. The residues were resuspended in water contain-
ing 0.1% formic acid and then filtered using an Ultrafree-
MC unit (UFC30LG00, Merck KGaA, Darmstadt, Ger-
many). A portion of the digested protein was injected
into a NanoLC Trap ChromXP C18-CL column (0.35 x
0.5mm, 3um, 120 A, AB Sciex, Foster City, CA, USA)
and further separated through an Eksigent nano LC Ek-
spert415 system (AB Sciex) using a spraychip column
(0.075 x 120 mm, 3 pm C18, Nikkyo Technos, Tokyo, Ja-
pan). The analysis was run with an acetonitrile gradient

concentration from 2% to 32% in 0.1% formic acid at a
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Fig. 1 Representative myocardial images stained with Congo red and anti-AA, anti—B,-m, anti-k, anti-A, and anti-TTR anti-

bodies. Amyloid subtypes were determined when Congo red-positive areas were strongly and diffusely positive

(2+) for one antibody only and negative (0) for other antibodies. Note that in Case 19, proteomic analysis revealed

that the subtype was ATTR (see Table 2), while the amyloid deposit was focally and weakly positive (1+) for anti-k

antibody, which we interpreted as nonspecific staining. Scale bar, 100 um.

flow rate of 300 nL/min for 120 min. Eluted peptides
were analyzed with a TripleTOF 5600+ mass spectrome-
ter (AB Sciex). The 10 most intense peaks of each full MS
scan were acquired in a data-dependent manner. All MS/
MS spectral data were analyzed using the Mascot search
engine v2.7.0 (Matrix Science, London, UK) against
Swiss-Prot (2021_01). The search criteria were set as fol-
lows: peptide mass tolerance of +50 ppm and fragment
MS/MS tolerance of 0.05 Da; two missed cleavages were
allowed. Search parameters included variable modifica-
tions containing methionine oxidation (N-terminus), Gln-
>pyro-Glu (N-term Q), and methyl (K). The search re-
sults were filtered at a false discovery rate of 1% using
the decoy search option. The abundance of identified
proteins is expressed as the exponentially modified pro-

B4 which was automati-

tein abundance index (emPAl)
cally calculated with the Mascot software. The most
abundant amyloid protein detected in each sample was

used to determine the amyloidosis subtype.

J Nippon Med Sch 2024; 91 (3)

Results

IHC Subclassification of Systemic Amyloidosis

The patients comprised 20 men and 20 women with a
mean age of 65.6 years (Supplemental Table 1). Amyloi-
dosis was not the direct cause of death in ten cases. Rep-
resentative myocardial images stained with Congo red
and five different amyloid subtype-specific antibodies are
shown in Figure 1. Amyloid subtypes were determined
when Congo red-positive areas were strongly and dif-
fusely positive (2+) for only one antibody and negative
(0) for all other antibodies. In 30 cases (75%), we were
able to determine the subtype by using this definition
(Table 1). Common findings in all cases were that the
background plasma components were weakly positive
for anti-x, the cytoplasm of cardiomyocytes was weakly
positive for anti-A, and plasma cells and lymphocytes
were positive for anti-B-m.

Detection of Amyloid Subtypes by LMD-LC-MS/MS

We performed proteomic analysis of all 40 cases (Table
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Table 1 Subtypes of 40 cases analyzed by IHC and LC-MS/MS

Amyoi e sl Amyiog Koo
subtype subtype :

Case determined Igk Igh determined by Ilf)la(;esg%znﬁgr}s
by IHC* LC-MS/MS** MS/MS data

1 AA 2 0 0 0 0 AA

2 AA 2 0 0 0 0 AA

3 AA 2 0 0 0 0 AA

4 AA 2 0 0 0 0 AA

5 AA 2 0 0 0 0 AA

6 AA 2 0 0 0 0 AA

7 AA 2 0 0 0 0 AA

8 AA 2 0 0 0 0 AA

9 AA 2 0 0 0 0 AA

10 AA 2 0 0 0 0 AA

11 AA 2 0 0 0 0 AA

12 AA 2 0 0 0 0 AA

13 AA 2 0 0 0 0 AA

14 AA 2 0 0 0 0 AA

15 AA 2 0 0 0 0 AA

16 N.D. 1 1 0 0 0 AA N.D.

17 AB2M 0 2 0 0 0 Ap2M

18 N.D. 0 2 1 0 0 Ap2M Ap2M

19 N.D. 0 0 2 1 0 ATTR ATTR

20 N.D. 0 0 2 1 0 ATTR ATTR

21 N.D. 0 0 2 1 1 ATTR ATTR

22 N.D. 0 0 2 1 1 ATTR ATTR

23 ALk 0 0 0 2 0 ALk

24 ALk 0 0 0 2 0 AlLx

25 ALx 0 0 0 2 0 ALk

26 ALx 0 0 0 2 0 ALk

27 N.D. 0 0 0 1 0 Alx N.D.

28 N.D. 0 0 0 1 0 Alx N.D.

29 ALA 0 0 0 0 2 ALA

30 ALA 0 0 0 0 2 ALA

31 ALA 0 0 0 0 2 ALA

32 ALA 0 0 0 0 2 ALA

33 ALA 0 0 0 0 2 ALA

34 ALA 0 0 0 0 2 ALL

35 ALA 0 0 0 0 2 ALA

36 ALA 0 0 0 0 2 ALA

37 ALA 0 0 0 0 2 ALA

38 ALA 0 0 0 0 2 ALA

39 N.D. 0 0 1 0 2 ALA ALA

40 N.D. 0 0 2 0 2 ATTR ATTR

ALA ALA

*The amyloid subtype was determined when Congo red-positive area was positive only for one antibody (2+) and negative for

other antibodies (0).
**0, negative; 1+, weakly and/or focally positive; 2+, strongly and diffusely positive

***The most abundant amyloid protein detected in each sample was determined to be the amyloidosis subtype. As for Case 40,
see Table 2.

N.D.; not determined.

Note that in three cases (cases 16, 27, 28), LC-MS/MS data were essential to determine the subtype, while in other seven cases

described in bald letters (cases 18-22, 39, 40), we could determine the subtype(s) by the retrospective evaluation of IHC speci-
mens based on LC-MS/MS data (see Fig. 2 and Table 2).
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Table 2 List of proteins detected by LMD-LC-MS/MS

Protein 40 40
Cases / 16 18 19 20 21 22 27 28 39 ATTR ALL
SAA2* 1.15%* 0 0 0 0 0 0 0 0 0 0
SAA1 0.47 0 0 0 0 0 0 0 0 0 0
B2MG 0 20.69 0 0 0 0 0 0 0 0 0
TTHY 0 1.42 0.80 196.77 80.57 24.29 0.8 0.4 0 1.48 0.35
IGKC 0.55 14.9 0 2.26 1.2 0.48 14.73 1.47 0 0 0.49
KVD13 0 0 0 0 0 0 0 0.53 0 0 0
KV401 0 0.42 0 0 0 0 0.42 0 0 0 0
KVD20 0 0 0 0.45 0.45 0 0 0 0 0 0
KVD26 0 0.42 0 0.42 0 0 0 0 0 0 0
IGLC2 0 4.16 0 241 241 0.5 0 0 0.53 0 2.44
LVv223 0 0 0 0 0 0 0 0 0.50 0 0
LV301 0 0 0 0 0 0 0 0 0 0 0.46
SAMP 0.23 15.18 0.45 12.27 8.15 8.17 6.62 0.24 0.21 2.15 3.49
APOA4 0 15.80 0.52 5.49 6.97 6.99 12.43 0.44 0 0 0.24
APOA1 0.19 3.65 0 0 0 0.36 0 0.20 0 0 0
APOE 0 4.48 0.92 21.74 10.82 4.43 9.41 0 0 0 0.70
CLUS 0.11 0.72 0 0.88 1.05 0.43 0.88 0.37 0.10 0.21 0.31
VTNC 0.10 1.40 0.30 1.39 1.38 0.84 1.19 0.36 0.10 0.20 1.02

Numerical values indicate the exponentially modified protein abundance index (emPAI) assigned to each protein.

*Amyloid proteins are described in bold letters.

**The most abundant amyloid protein detected in each sample was determined to be the amyloidosis subtype, except for

Case 40 (see ref. 15).

SAA, Serum Amyloid A; B2MG, Beta-2-microglobulin; TTHY, Transthyretin; IGKC, Immunoglobulin kappa constant;
KVD13, Immunoglobulin kappa variable 1D-13; KV401, Immunoglobulin kappa variable 4-1; KVD20, Immunoglobulin

kappa variable 3D-20; KVD26, Immunoglobulin kappa variable 2D-26; IGLC2, Immunoglobulin lambda constant 2;
LV223, Immunoglobulin lambda variable 2-23; LV301, Immunoglobulin lambda variable 3-1; SAMP, Serum amyloid P-
component; APOA4, Apolipoprotein A-IV; APOA1, Apolipoprotein A-I; APOE, Apolipoprotein E; CLUS, Clusterin;

VTNC, Vitronectin.

1, 2). In 39 cases, we identified only one amyloid protein
and confirmed the immunohistochemically determined
subtypes of the abovementioned 30 cases.

In Case 30 (Fig. 1, 2a), positive reactivity for anti-A an-
tibodies was observed in regions surrounding blood ves-
sels and cardiomyocytes showing Congo red staining.
However, it is important to note that diffuse positivity
for anti-x antibodies, outlining the tissues, is a result of
nonspecific binding, as indicated by proteomic analysis.

Notably, in Case 19 (Fig. 1, 2b) proteomic analysis re-
vealed a subtype of ATTR (Table 2), while the amyloid
deposit was focally and weakly positive (1+) for anti-x
antibody, which we interpreted as nonspecific staining.
Other ATTR cases (Cases 20 to 22) were also focally and
weakly positive (1+) for anti-k and/or anti-A antibodies.

In Case 18, the Congo red-positive region was diffusely
positive (2+) for anti-B--m, while focally positive (1+) for
anti-TTR (Fig. 3a). Proteomic analysis revealed a subtype
of AB2M (Table 2). Thus, we interpreted focal positivity
for anti-TTR as nonspecific staining.

In Case 39, the Congo red-positive region was diffusely

J Nippon Med Sch 2024; 91 (3)

positive (2+) for anti-A and focally positive (1+) for anti-
TTR (Fig. 3b). Proteomic analysis revealed a subtype of
ALA (Table 2). Thus, we interpreted focal positivity for
anti-TTR as nonspecific staining.

Most interestingly, in Case 40, we identified double
subtypes with both immunohistochemical and proteomic
analysis (Fig. 3c and Table 2). The deposits in epicardial
blood vessels were positive for anti-A and negative for
anti-TTR, while nodular deposits between cardiomyo-
cytes were negative for anti-A and positive for anti-TTR".

Collectively, in the abovementioned seven cases (Case
18 with AB2M, Cases 19 to 22 with ATTR, Case 39 with
AL\, and Case 40 with ATTR and ALA), we could retro-
spectively determine subtypes with IHC by using infor-
mation from proteomic analysis, which increased the di-
agnosis rate of IHC to 92.5% (37/40). In three cases
(Cases 16, 27 and 28), proteomic analysis was essential

for typing diagnosis (Table 1, 2).

Discussion

In the present study, to characterize the staining patterns
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a. Case30
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a. Case 30. From left to right: Congo red staining, anti--IHC, anti-A-THC.
Positive reactivity for anti-A antibodies is observed in the regions surrounding blood vessels and cardiomyocytes
that show Congo red staining. However, it is important to note that the diffuse positivity for anti-k antibodies,
outlining the tissues, is a result of nonspecific binding, as indicated by proteomic analysis. Scale bar, 100 pm.

b. Case 19. From left to right: Congo red staining, anti-TTR-IHC, anti-A-IHC. The solid amyloid deposit appears to
be diffusely stained by the anti-TTR antibody and only marginally by the anti-k antibody, while both antibodies
seem to positively stain the pericellular deposit area. Scale bar, 100 um.

of in-house rabbit polyclonal anti-x, anti-A, and anti-
transthyretin antibodies, and commercial anti-AA and
anti-B-m antibodies, we analyzed the subtypes of 40
autopsied cases with IHC and further confirmed them by
proteomic analysis. In seven cases, we could retrospec-
tively determine subtypes with IHC by using information
from proteomic analysis, which increased the IHC diag-
nosis rate from 75% (30/40) to 92.5% (37/40).

Jang et al.”, Gilbertson et al’, and Kebbel et al.” re-
ported IHC diagnosis rates of 65%, 76%, and 92%, re-
spectively. Furthermore, in two studies using the same
antibodies used in the present study the IHC diagnosis
rate was approximately 95%". These reports mainly used
biopsy specimens for diagnosis, while our study utilized
FFPE specimens from autopsy cases. Our findings indi-
cate that the confirmed amyloid diagnosis rate was lower
when using autopsy samples than in studies that mainly
focused on biopsy specimens with the same antibodies.

The amyloid diagnosis rate is clearly lower when using
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autopsy samples. Sato et al. reported that a maximum
fixation time of 1 week can be used as a practical stan-
dard for THC®. As autopsy specimens tend to have
longer fixation times, they are likely to exhibit nonspe-
cific positivity or false negativity for IHC antibodies,
which may have influenced our results. Although we
confirmed post-mortem intervals, it is uncertain whether
these intervals affected our study results (Supplemental
Table 1).

In two ALx cases (Cases 27 and 28), the amyloid was
weakly positive (1+) for anti-k and negative for other an-
tibodies. Proteomic analysis revealed a subtype of ALk
(Table 2). We recently reported that in some AL consulta-
tion cases, IHC could not detect the AL protein”. One ex-
planation for this is the absence of most of the constant
region of the x/A light chains, because our anti-x/A anti-
bodies recognize the N-terminal 18/17 amino acids of the
respective constant region"”. Additionally, as shown in

Figure 2, caution is warranted when considering the

J Nippon Med Sch 2024; 91 (3)
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Fig. 3 Exceptional immunohistochemistry cases

a. Case 18. From left to right: Congo red staining, anti-TTR-IHC, anti—-B>-m-IHC. The Congo red-positive region was
diffusely positive for anti-f>-m (2+) and focally positive for anti-TTR (1+). Proteomic analysis revealed that the
subtype was AB2M (see Table 2). Scale bar, 100 um.

b. Case 39. From left to right: Congo red staining, anti-TTR-IHC, anti-A-IHC. The Congo red—positive region was
diffusely positive (2+) for anti-A and focally positive (1+) for anti-TTR. Proteomic analysis revealed that the sub-
type was ALA (see Table 2). Scale bar, 100 pm.

c. Case 40. From left to right: Congo red staining, anti-TTR-IHC, anti-A-IHC. The deposits in epicardial blood vessels
were positive for anti-A and negative for anti-TTR (black arrows), while nodular deposits between cardiomyocytes
were negative for anti-A and positive for anti-TTR (white arrows). Scale bar, 100 um.

staining characteristics of k and A, as k and A proteins are
abundant in serum. In Case 16 (Fig. 4a), although amy-
loid deposit was weakly positive (1+) for both anti-AA
and anti-B,-m antibodies, proteomic analysis revealed a
subtype of AA (Table 2). Hoshii et al. reported coexis-
tence of AA and AB2M by IHC in two patients with
rheumatoid arthritis who were receiving hemodialysis™.
In Case 16, however, the patient had no history of dialy-

sis for renal disease. Thus, we believe that positivity for

J Nippon Med Sch 2024; 91 (3)

B--m antibody was a false-positive result.

Limitations of this study include its single-center de-
sign and small sample size. However, our study has
some diagnostic utility for objective interpretation of IHC
staining with the five subtype-specific antibodies used in
this study. First, ATTR amyloid deposits are strongly and
diffusely positive (2+) for anti-TTR antibody but some-
times weakly and/or focally positive (1+) for anti-k and/

or anti-A antibodies, which can be interpreted as a false
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a. Case16

Congo red

anti-B2-m-IHC
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Fig. 4 A case that was indistinguishable by immunohistochemical staining

a. Case 16. Although the amyloid deposit was weakly positive (1+) for both anti-AA and anti—p>-m antibodies, pro-

teomic analysis revealed that the subtype was AA. We believe that the positivity for B.-m antibody was a false-

positive result. Scale bar, 100 pm.

positive. Second, if Congo red-positive regions are
strongly and diffusely positive (2+) for anti-k, anti-A, or
anti-B,-m antibodies, weak and/or partial positivity for
anti-TTR antibody can be interpreted as a false positive.
Finally, if Congo red-positive regions are strongly and
diffusely positive (2+) for two different antibodies (e.g.,
anti-TTR and anti-A) and the positive regions for these
antibodies are mutually exclusive, we can diagnose these
cases as double amyloidosis.

In this study, we used the five antibodies employed by
GSRA-] and revealed that the combination of IHC and
proteomic analysis had greater utility than IHC alone.
We have re-evaluated the staining properties using IHC,
underpinned by proteomic analysis, and have provided
detailed figures, including instances of false positives and
false negatives. Especially noteworthy is the need for
special attention in interpretating IHC for anti-TTR and
light chain. Given these insights, we believe that the pre-
sent findings are invaluable for researchers examining

specimens stained by GSRA-J.
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