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AL amyloidosis (AL) is a rare plasma cell disorder caused by misfolded monoclonal immunoglobulin 

light chains (LC) that deposit as amyloid fibrils in extracellular matrices.¹ The heart and kidneys are most 

commonly affected, although hepatic, gastrointestinal, and peripheral nervous system involvement may 

also occur.² 

Acquired factor X (FX) deficiency is observed in 8–14% of AL patients³ and is primarily attributed to FX 

adsorption onto amyloid fibrils, leading to accelerated clearance. This mechanism is supported by 

normalization of FX levels following splenectomy, chemotherapy, or autologous stem cell 

transplantation,¹,² and by early studies demonstrating rapid clearance of radiolabeled FX and binding to 

extracted fibrils.⁴  

Although fibrils from patients without FX deficiency can bind FX,⁵ only one case has reported histological 

evidence of FX within amyloid deposits.⁶ 

Thus, despite strong indirect evidence supporting FX adsorption as the principal mechanism of acquired 

deficiency in AL amyloidosis, direct demonstration of tissue FX sequestration and its relationship to 

circulating FX activity remains limited and the role of amyloid burden and organ distribution is unclear. 

We analyzed tissue biopsies from three AL patients using quantitative immunofluorescence and 

longitudinally monitoring of FX activity and free LC levels to determine whether tissue-specific FX 

accumulation correlates with circulating FX activity. Our findings provide new insights into tissue-specific 

FX accumulation and its relationship with amyloid deposits. 

Three patients diagnosed between 2017 and 2020 at the University Hospital of Poitiers were 

retrospectively included (Supplementary Table S1). The study was approved by the local ethics 

committee (DR-2011-392) and the Comité de Protection des Personnes (CPP 19.06.06.57922). 

Hematologic evaluation followed validated criteria7 and included bone marrow aspiration and serum free 

light chains (sFLCs) measurement (FreeLite assay). FX, Factor II, and Factor V activities were assessed 

using standard clotting assays.  

Biopsies from minimally invasive sites or affected organs were stained with Congo red and analyzed by 

immunofluorescence. Analyses were performed on one or multiple biopsy sections per patient, 

depending on available sites. 

Frozen biopsies were sectioned (3 µm), acetone-fixed, blocked, and incubated with primary antibodies 

against FX, κ, or λ LCs, followed by fluorophore-conjugated secondary antibodies and DAPI. Images 

were acquired using a Cell Discoverer 7 microscope. Z-stack projections were analyzed with QuPath 

0.2.8,8 with manual autofluorescence correction.  

Regions of interest were classified as positive or negative, Colocalization was quantified using a Groovy-

scripted adapted from Fiji JACoP9, to calculate Pearson and Manders coefficients.  

Patient IgGs were purified using Protein G columns and tested by ELISA on FX-coated plates.  

All experiments were performed in triplicate with appropriate controls. All procedures complied with 

institutional ethical standards; written informed consent was obtained from all patients.  

Patients 1 and 2 had acquired factor X deficiency, defined by decreased factor X coagulant activity (FX:C 

below the normal range), at diagnosis, whereas Patient 3 had normal FX:C levels (Table S1). All 



exhibited typical AL organ involvement. Clonal plasma cells and circulating sFLCs were assessed in 

bone marrow aspirates and peripheral blood with kappa (κ) chains in Patient and lambda (λ) chains in 

Patients 2–3. 

All patients initially received CyBorD therapy (Table S2). Hematologic responses, assessed by reduction 

in involved minus uninvolved FLC (dFLC; Figures 1A, 2A, 3A, blue lines), preceded changes in FX 

activity (red lines). In Patient 1, a very good partial response (VGPR) was followed by delayed FX 

normalization; a similar pattern occurred after relapse and Dara/Len/Dex therapy. Patient 2 showed 

delayed hematologic response with incomplete FX recovery. Patient 3 exhibited minimal FX changes 

despite sequential partial response, VGPR, and complete remission. Overall, FX recovery lagged behind 

hematologic improvement and depended on baseline FX deficiency. 

Congo red-staining confirmed amyloid deposition in all patients (Figures 1B-C, 2B and 3B, E). 

Distribution included digestive mucosa (Patient 1), salivary glands (Patients 2 and 3), and abdominal fat 

(Patients 2 and 3). Serial sections were analyzed for LCs and FX, and colocalization was quantified 

using Manders’ coefficients (M1, M2). Fluorescence intensities and coefficients were compared between 

amyloid-positive and -negative regions. 

In Patient 1, κ LC fluorescence intensity was higher in amyloid-positive intestinal regions compared with 

negative regions (918 ± 612 arbitrary units or a.u. vs 334 ± 204 a.u.; P < 0.0001; n = 37), as was FX 

fluorescence (2153 ± 2110 vs. 543 ± 361 a.u.; P < 0.0001; Figures 1B-E). Manders’ analysis 

demonstrated strong colocalization of FX with κ LCs and vice-versa (M1: 0.59 ± 0.28 vs. 0.12 ± 0.13; P 

< 0.0001; M2: 0.81 ± 0.19 vs. 0.28 ± 0.14; P < 0.0001; Figures 1F). In Patient 2, similar results were 

observed in salivary gland and abdominal fat, with increased fluorescence for λ LCs (1639 ± 302 vs. 

472 ± 51 a.u.; P < 0.0001; n = 15) and FX (643 ± 136 vs. 434 ± 117 a.u.; P = 0.0002) and colocalization 

coefficients (M1: 0.661 ± 0.099 vs. 0.539 ± 0.106; P = 0.0068; M2: 0.467 ± 0.133 vs. 0.159 ± 0.092; P < 

0.0001), confirming robust FX–LC association (Figures 2B-H). In Patient 3, λ LCs accumulated in 

amyloid-positive versus negative salivary glands (1373 ± 198 vs. 791 ± 44 a.u.; P < 0.0001; n = 6), 

whereas FX did not (583 ± 79 vs. 579 ± 81 a.u.; P = 0.93), resulting in absent colocalization (Figure 3B-

D). In contrast, abdominal fat showed higher LC and FX fluorescence intensities in amyloid-positive 

regions (Figures 3E-H), with significantly increased Manders’ coefficients (P < 0.0001; Figure 3I), 

indicating partial colocalization. 

Overall, FX–LC colocalization was consistent in patients with FX deficiency and variable in the patient 

without deficiency.  

 

Our study provides direct evidence that acquired FX deficiency in AL amyloidosis is linked to tissue-

specific FX sequestration within amyloid deposits correlating with tissue amyloid load rather than 

circulating FX levels, suggesting that amyloid burden may predict coagulation deficits. Hematologic 

remission precedes FX normalization, highlighting delayed coagulation factor recovery.  

Unlike multiple myeloma, where organ damage is driven by tumor mass or cytokines, AL amyloidosis is 

directly caused by circulating monoclonal LCs. Treatment aims to suppress their production to limit 

fibrillogenesis. FX deficiency is classically attributed to adsorption onto amyloid fibrils, leading to 

accelerated clearance. Early studies demonstrated rapid disappearance of radiolabeled FX and in vitro 



binding to extracted fibrils. Our immunofluorescence data extend these observations by demonstrating 

FX accumulation in amyloid-rich areas (Patients 1 and 2) and tissue-specific colocalization (Patient 3), 

supporting a central role for amyloid burden and distribution. 

The FX depletion selectivity remains incompletely understood. Although other vitamin K–dependent 

factors share similar properties, they are less frequently reduced,3 suggesting amyloid–FX interactions. 

Tissues with high vascular exposure and substantial amyloid burden showed the strongest FX 

deposition. Patient 3 exhibited partial colocalization despite normal FX activity, suggesting based on a 

single case that adsorption may occur without overt coagulopathy, with uncertain determinants possibly 

involving fibril structure, light chain characteristics, and organ-specific factors.  

All patients received CyBorD, followed by individualized therapies, achieving variable hematologic 

responses. FX normalization lagged behind LC reduction by ~12–18 months in FX-deficient patients. 

This temporal dissociation suggests circulating FX activity reflects not only LC suppression but also 

persistence of amyloid deposits acting as a “sink.” These observations align with reports of delayed FX 

recovery after therapy1,2 and with data showing greater FX improvement in patients achieving complete 

hematologic response.12 

Immunofluorescence confirmed that Congo red–positive areas were enriched in FX signal, colocalizing 

with LCs in FX-deficient patients, while alternative deficiency causes were excluded. In Patient 3, partial 

colocalization in abdominal fat but not salivary glands support the influence of tissue microenvironment 

and fibril organization on FX binding. 

Clinically, FX deficiency may represent a marker of advanced AL, as prior studies linked FX <50% to 

increased bleeding risk, more severe cardiac involvement, and reduced survival.13,14 Monitoring FX 

during treatment may provide complementary prognostic information, reflecting organ recovery and 

residual amyloid, and assist in bleeding-risk assessment, particularly for invasive procedures. 

The delay between hematologic response and FX normalization indicates coagulopathy management 

should extend beyond hematologic remission, as residual amyloid deposits may continue to sequester 

FX. The tissue-specific pattern of FX deposition suggests that organ-targeted reduction of amyloid 

burden could influence FX recovery. The possible interaction between FX and serum amyloid P 

component15 warrants further functional investigation of FX–fibril interactions, including evaluation in 

other amyloidosis subtypes.  

This study is limited by small sample size, restricted biopsy material, and lack of quantitative amyloid 

burden assessment. Future research should assess FX kinetics in larger cohorts, integrate imaging-

based amyloid quantification, and explore individualized FX replacement strategies. 

In summary, FX deficiency in AL amyloidosis appears mechanistically linked to tissue-specific 

sequestration within amyloid deposits. Delayed FX recovery underscores the importance of continued 

coagulation monitoring and individualized management. FX deposition may occur even in patients with 

normal activity, raising important questions about its potential role as an amyloid burden biomarker. 
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Figure Legends 

 

Figure 1 

Longitudinal dynamics of factor X activity and colocalization with amyloid deposits in Patient 

1. 

(A) Longitudinal monitoring of factor X (FX) activity (%) and the difference between involved and 

uninvolved serum free light chains (dFLC, mg/L) during treatment. Left axis: FX (%); right axis: dFLC 

(mg/L). Blue line: dFLC concentration; red line: FX activity. Numbers indicate successive therapies: 1 

= CyBorD (9 cycles, 8 months), 2 = daratumumab/lenalidomide/dexamethasone (6 months), 3 = 

daratumumab/dexamethasone (6 months). dFLC levels decreased rapidly following treatment 

initiation, whereas FX activity increased only after a lag period (~12–18 months). 

(B, C) 63× photomicrographs of Congo red-stained sections under polarized light showing amyloid-

positive regions (apple-green birefringence) in the antre (B) and colon (C). Lower white boxes indicate 

areas rich in amyloid deposits (white arrows), whereas upper boxes indicate amyloid-negative areas. 

(D) Wide-field immunofluorescence in the antre showing kappa FLC (green) and FX (red); co-

localization appears yellow (63× objective; scale bars, 500 µm). 

(E) Comparison of mean fluorescence intensity (mean gray value) for each channel, with green 

representing kappa FLC and red representing FX, between Congo red (CR)–positive (+) and CR–

negative (–) fields (n = 37; data shown as individual fields with mean ± SD; unpaired t-test). 

(F) Manders coefficients (M1, M2) indicating significantly higher co-localization of FX with kappa FLC 

(M1) and vice versa (M2) in amyloid-rich versus negative areas (P < 0.0001). 

 

Figure 2 

Longitudinal dynamics of factor X activity and colocalization with amyloid deposits in Patient 

2. 

(A) Longitudinal monitoring of FX activity (%) and dFLC concentrations (mg/L). Left axis: FX (%); right 

axis: dFLC (mg/L). Blue line: dFLC concentration; red line: FX activity. Numbers indicate therapies: 1 = 

CyBorD (6 cycles, 6 months), 2 = BorD + lenalidomide (6 months), 3 = not used. The initial dFLC 

response was delayed, and FX activity increased slowly, remaining below normal despite hematologic 

remission. 

(B) Congo red staining of salivary gland tissue showing amyloid-positive (upper right box, with amyloid 

structures indicated by white arrows) and amyloid-negative (lower right box) areas. 

(C, F) Immunofluorescence of FX (red) and lambda FLC (green) in salivary gland (C) and abdominal 

fat (F) (63× objective; scale bars, 500 µm). Positive regions show strong co-localization, whereas 

negative regions show minimal signal. 

(D, G) Quantification of fluorescence intensities showing mean gray values of lambda FLC (green) and 



FX (red) in positive versus negative fields (n = 15; data shown as individual fields with mean ± SD; 

unpaired t-test). 

(E, H) Manders coefficients (M1, M2) demonstrating significantly higher co-localization of FX with 

lambda FLC and vice versa in CR-positive versus negative areas (P = 0.0068 and P < 0.0001, 

respectively). 

Figure 3 

Longitudinal dynamics of factor X activity and colocalization with amyloid deposits in Patient 

3. 

(A) Longitudinal monitoring of FX activity (%) and dFLC (mg/L) during successive therapies. Left axis: 

FX (%); right axis: dFLC (mg/L). Blue line: dFLC concentration; red line: FX activity. Numbers indicate 

therapies: 1 = CyBorD (6 cycles, 6 months), 2 = BorD + lenalidomide, 3 = BorD + venetoclax. dFLC 

levels progressively decreased to complete remission, while FX activity remained within the normal 

range. 

(B, E left) Congo red staining of salivary gland (B) and abdominal fat (E, left) biopsies under polarized 

light, showing apple-green birefringence indicative of amyloid deposits. 

(C, E right, F, G) Wide-field fluorescence microscopy of FX (red) and lambda FLC (green) in salivary 

gland (C) and abdominal fat (E right, F, G) sections (63× objective; scale bars, 500 µm). White (C) and 

red (E) boxes indicate Congo red–positive areas corresponding to panels (C) and (F), respectively, 

whereas blue boxes (E) indicate Congo red–negative regions corresponding to panel (G). 

(D) Quantification of fluorescence intensity (mean gray value) of lambda FLC (green) and FX (red) in 

Congo red–positive (+) and negative (–) areas (n = 6 fields), showing no FX accumulation in salivary 

gland amyloid deposits. 

(H) Quantification of fluorescence intensity in abdominal fat (n = 11 fields): green channel (lambda 

FLC), 1029 ± 190 a.u. vs. 679 ± 88 a.u., P < 0.0001; red channel (FX), 887 ± 385 a.u. vs. 646 ± 177 

a.u., P = 0.0520. 

(I) Co-localization analysis of FX and lambda FLC using Manders coefficients (M1, M2), showing 

higher co-localization in Congo red–positive (+) versus negative (–) areas (M1 = 0.45 ± 0.19 vs. 0.12 ± 

0.14, P = 0.0004; M2 = 0.85 ± 0.14 vs. 0.17 ± 0.16, P < 0.0001; n = 11). Data are shown as individual 

fields with mean ± SD (unpaired t-test). 

 
 









Supplementary data 
Tables 
 
Table S1. Baseline Patient Characteristics at Diagnosis or Inclusion 
 

Characteristics Patient 1 Patient 2 Patient 3 

Age at inclusion (years) 58 71 61 

Sex M F M 

Specific diagnosis Indolent myeloma MGCS MGCS 

Light chain (germline) Kappa 
(Vκ1-1602-Jκ501) 

Lambda 
(Vl2-1403-Jλ302) 

Lambda 
(Vλ3-101-Jλ201) 

Cytogenetics - - - 

Organ Involvement Cardiac, Digestive, 

Hepatic 

Cardiac, Digestive, 

Hepatic, 

Neurological 

Cardiac, Digestive, 

Neurological 

Mayo 2004/European 

stage 

II IIIA IIIA 

Duration of monitoring 

 

 (months) 

77 56 44 

Free light chain level 
(mg/L, diagnosis/ last 
Follow up) 

110 / 36 745 / 16 326 / 20 

FX:C (%,diagnosis/ last 
Follow up) 

22 / 85 9 / 60 73 / 80 

FV:C (%,diagnosis/ last 
Follow up) 

130 / 137 130 / NM 140 / 122 

FII:C (%,diagnosis/ last 
Follow up) 

92 / 108 93 / 105 104 / 78 

Anti-FX-IgG Not Detected Not Detected Not Detected 

 

Abbreviations: MGCS Monoclonal Gammopathy of Clinical Significance, FX:C, FV:C, FII:C: coagulant 

activities of factors X, V and II.  

 
  

Supplementary



 
Table S2: Therapeutic Regimens Administered to Patients and duration. 
 

Line of 
Therapy 

Patient 1 Patient 2 Patient 3 

1st CyBorD 

(9 cycles, 8 months) 

CyBorD 

(6 cycles, 6 months) 

CyBorD 

(6 cycles, 6 months) 

2nd Dara/Lenalidomide/Dex 

(1 month) 

BorD + Lenalidomide 

(6 months) 

BorD + Dara 

(1 month) 

3rd Dara/Dexamethasone 
(6 cycles, 6 months) 

- BorD + Dara + Venetoclax 
(6 months) then only 

Venetoclax ongoing 

 

Abbreviations: CyBorD: Cyclophosphamide, Bortezomid, Dexamethasone; BorD: Bortezomid, 

Dexamethasone; Dara: Daratumumab; Dex: dexamethasone.   

 




