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Abstract:

Pituitary adenylate cyclase-activating polypeptide (PACAP) is a multifunctional neuropep-
tide with well- known anti-inflammatory, antioxidant, antitumor, and immunomodulatory effects.
PACAP regulates the production of various proinflammatory factors and may influence the com-
plex cytokine network of the bone marrow microenvironment altered by plasma cells affecting the
progression of age-related multiple myeloma (MM) and the development of various end-organ
damage.

The aim of our study was to investigate the changes in PACAP-38 levels in patients with MM
to explore its predictive value as a potential biomarker in this disease. We compared the plasma
PACAP-38 levels of MM patients with healthy individuals by ELISA method and examined its re-
lationship with various MM-related clinical and laboratory parameters.

Lower PACAP-38 levels were measured in treated MM patients compared with healthy con-
trols, but this difference disappeared if the patient achieved any response better than partial re-
sponse. In addition, lower peptide levels were found in elderly patients. Significantly higher PA-
CAP-38 levels were seen in patients with lower stage, lower plasma cell fraction in bone marrow,
lower tumor markers in serum, lower urinary protein levels, and in patients after lenalidomide ther-
apy. Higher PACAP-38 levels in newly diagnosed MM patients predicted longer survival and
higher probability of response to treatment.

Our findings confirm the hypothesis that PACAP plays an important role in the pathomech-
anism of MM. Furthermore, our result suggest that PACAP might be used as a valuable, non-inva-
sive, alternative biomarker in diagnosis, and may be used for prognosis prediction and response
monitoring.

Keywords: PACAP; multiple myeloma; ELISA; diagnostic and prognostic factor

1. Introduction

Multiple myeloma (MM) is a monoclonal proliferation of plasma cells that primarily
affects the elderly population and accounts for 1% of all cancers and 10% of all hemato-
logic malignancies. The average age of patients is 66-70 years, that contributes signifi-
cantly to the fact that treatment options at this age are limited due to the comorbidities
and performance status of patients. For this reason, and because the disease can relapse
up to 10 years after remission, MM is still considered an incurable disease [1]. The Global
Cancer Observatory estimates that there were 176.404 new cases and 117.077 deaths
worldwide in 2020, which means that despite improving mortality statistics, the incidence
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and prevalence of MM is increasing [2]. The disease develops due to the genetic alteration
of healthy plasma cells resting in specific niches of the bone marrow. This occurs through
the development of monoclonal gammopathy of unknown significance (MGUS) and
smouldering myeloma (SMM) leading to an active MM that requires treatment [3]. Given
the affected population, ageing is also thought to play an important pathologic role in the
development of the disease [4]. After induction therapy, autologous hematopoietic stem
cell transplantation (ASCT) provides the longest progression-free survival (PES) in the
treatment setting. However, published data regarding the effect of ASCT in prolonging
overall survival (OS) are contradictory [5, 6, 7]. Despite the initial positive results, relapses
occur in a significant proportion of patients. It is crucial to intervene in the progression of
the disease before serious organ complications occur, because the survival of MM patients
is mainly determined by the degree of end-organ damage. Thus, it will become increas-
ingly important in the future to identify new, reliable biomarkers of malignancy that can
be easily and rapidly used in the clinical setting to diagnose disease, determine prognosis
and monitor response to therapy.

Pituitary adenylate cyclase-activating polypeptide (PACAP) has well known im-
munomodulatory, anti-inflammatory and antioxidant effects, therefore, it could be one of
the most promising markers in the future [8, 9]. The peptide was discovered in 1989 [10]
and belongs to the vasoactive intestinal peptide (VIP)/secretin/glucagon peptide family
[11]. It exists in two biologically active forms (PACAP-27 and -38) of which PACAP-38 is
the dominant form [12]. Its receptors are the specific PAC1 and the VPAC1 and VPAC2
receptors shared with VIP [11, 13]. The concentration of PACAP in the plasma is relatively
stable in healthy individuals. Previous studies have shown that its concentration does not
depend on gender and is not affected by the female menstrual cycle in the young popula-
tion between 20 and 40 years [14, 15].

In recent years, significant alterations of this peptide have been detected in human
tissues under various physiological and pathological conditions (e.g., neurological disor-
ders: Parkinson’s disease, posttraumatic stress disorder; cardiac disorders: cardiomyopa-
thies, acute myocardial infarction; kidney disorders: nephrotic syndrome, nephrectomy)
in addition to various malignant disorders. These results suggest a potential role of PA-
CAP in the diagnosis, prognosis, and clinical therapy of certain diseases [8, 16, 17, 18, 19].

The beneficial effects of PACAP on renal function in MM patients and its successful
use as an anti-tumor agent have been demonstrated in several in vivo and in vitro studies.
It has been described to be protective in proximal tubule cells and to affect signaling pro-
cesses involved in osteolytic bone destruction [20, 21, 22]. Similarly to dexamethasone,
PACAP also inhibits the growth of plasma cells [23]. The peptide is involved in the regu-
lation of the production of several proinflammatory mediators (e.g., TNF-«, IL-6, MIP-1cx)
and may affect the complex cytokine network of the bone marrow microenvironment,
which is altered by the MM cells influencing the course and progression of the disease
and the development of various end-organ damages [20, 24, 25]. Expression of PAC1 re-
ceptor mRNA has been detected in human bone marrow stromal cells, MM cells and prox-
imal tubule cells [20, 26]. In a clinical trial, Li and colleagues administered PACAP-38 as
a continuous infusion to an 81-year-old patient with active MM. The results were encour-
aging, as the patient’s free lambda light chain excretion was reduced after starting therapy
[16].

It is also known that PACAP may play an important role in hematopoiesis and in the
development of cells from the mesodermal maturation lineage. The peptide promotes
hematopoietic stem cell population via the PAC1 receptor by increasing the number of
cells in the S phase of the cell cycle by enhancing the mRNA expression of cyclin D1 and
Ki67 proteins [26]. Besides, PAC1 receptor expression is higher on CD34* stem cells and
decreases or disappears when the cell is mature [26]. It is suggested that PACAP detecta-
ble in bone marrow is of neuronal origin, and sympathetic innervation may be responsible
for PACAP-regulated hematopoiesis in bone marrow [26].
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These results suggest a beneficial antitumor and renoprotective effect of PACAP in 100
MM and open the possibility of using this peptide in clinical practice. Our aim was to 101
investigate the changes in PACAP levels in patients with MM to explore the role of this 102
peptide as a potential biomarker in this disease. We correlated the detectable changes in 103
PACAP levels with other markers used in clinical practice, such as clinical scores, and 104
laboratory parameters, to gain a more detailed understanding of the pathomechanisms 105

underlying the abnormalities detectable in this disease. 106
2. Results 107
2.1. Plasma PACAP-38 levels in MM patients and healthy controls 108

We found significantly lower endogenous plasma PACAP-38 levels in MM patients 109
(n=66, mean: 208.4 +/- 103.8 pg/mL) compared to healthy controls (C) (n=10, mean: 311.7 110
+/- 82.19 pg/mL) (p=0.0012) [Fig. 1.]. 111

Out of our patients, 8 were newly diagnosed MM (NDMM), untreated patients with 112
clear medical histories who had died by the end of our investigation, allowing us to mon- 113
itor the diagnostic and prognostic value of PACAP-38 levels. There was also a significant 114
difference in PACAP-38 values when only these NDMM patients (n=8, mean: 217.4 +/- 115
84.89 pg/mL) were compared with the control group (p=0.0314). 116
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Figure 1. Plasma PACAP-38 levels in multiple myeloma (MM) patients and healthy controls (C). The box 119
plot diagram represents the interquartile range and median values. Whiskers indicate the most extreme 120
observations. The individual values are presented with black dots (control group, n=10), squares (MM 121
patients, n=66). Mann-Whitney U test was used for statistical analysis. **p < 0.01. 122

2.2. Endogenous PACAP-38 levels in relation to demographic and clinical parameters 123

No significant difference was found between the patient and control groups, regard- 124
ing either gender or age (p < 0.05). In our study, we performed correlation analyses be- 125
tween plasma PACAP-38 values and controls’ age, patients” age, OS, and PFS. We found 126
a significant weak negative correlation between patients’ age and PACAP-38 levels (n=66, 127
p=0.0379, 1=-0.2561, Spearman) [Fig. 2.] and there was no significant correlation with con- 128
trols” age (n=10, p=0.8567, r=-0.06577, Pearson). 129
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Figure 2. Correlation between endogenous PACAP-38 levels and patients’ age. Spearman rank correlation
test was used for the analysis.

When we examined survival of NDMM patients, we found a strong positive corre-
lation between plasma PACAP-38 levels and OS (n=8, p=0.0131, r=0.8383, Spearman), and
PFS (n=8, p=0.0190, 1=0.8301, Spearman). We also found a significant moderate positive
correlation between PACAP-38 and PFS, when we examined the survival of patients who
had undergone ASCT and then went into remission but had progressed by the end of our
study (n=13, p=0.0203, r=0.6445, Spearman) [Fig. 3.].
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Figure 3. Correlation between endogenous PACAP-38 levels and progression-free survival in patients
who undergone autologous stem cell transplantation (ASCT). Spearman rank correlation test was used
for the analysis.

Furthermore, we examined the comorbidities of our patients. No significant differ-
ences were found between the hypertensive (n=28) and non-hypertensive group (n=35)
(p=0.3459) and the diabetic (n=11) and non-diabetic group (n=52) (p=0.0743) [Table 1.]. We
also determined the performance status of our patients according to the Eastern Cooper-
ative Oncology Group (ECOG) system and formed four groups: 0 (fully active, able to
carry on all pre-disease performance without restriction; n=16), 1 (restricted in physically
strenuous activity but ambulatory and able to carry out work of a light or sedentary na-
ture, e.g., light house work, office work; n=26), 2 (ambulatory and capable of all selfcare
but unable to carry out any work activities; up and about more than 50% of waking hours;
n=14), 3 (capable of only limited selfcare; confined to bed or chair more than 50% of wak-
ing hours; n=1). No significant difference was found between the tested groups (p>0.05)
[Table 1.].
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Table 1. Plasma PACAP-38 levels in relation to comorbidities and performance status. Mann-Whitney U
and Kruskal-Wallis test with Dunn’s comparison analysis were used for the statistical analysis. ECOG:
Eastern Cooperative Oncology Group, SD: standard deviation.

Tested . Number of PACAP-38 level: o
Patient groups . Significance (p)
parameters patients (1) Mean +/- SD (pg/mL)
hypertensive 28 183.3 +/- 71.41
Hypertension non- 0.3459
. 35 218.0 +/- 115.0
hypertensive
diabetic 11 265.9 +/-139.9
Diabetes mellitus non- 0.0743
52 185.7 +/- 80.36
diabetic
0 16 240.0 +/- 81.74
povs1=0.7593
ECOG 1 26 174.6 +/- 83.69
pvs2>0.9999
performance status 2 14 237.1 +/-116.0
pavs2=0.3661
3 1 338.8 +/- 0.00

2.3. Endogenous PACAP-38 levels in relation to current disease status

2.3.1. Plasma PACAP-38 levels in patients with active disease and in remission

Patients with MM were divided into two groups according to their response to ther-
apy. The active disease cohort (AD) included all individuals with progressive disease, and
patients relapsed after a previous remission (n=17, mean: 137.9 +/- 30.13 pg/mL). Patients
in remission (R) included individuals who achieved a partial response (PR), very good
partial response (VGPR), complete remission (CR), or minimal residual disease negativity
(MRD neg.) during treatment (n=41, mean: 216.6 +/- 108.3 pg/mL). Our study showed that
the active disease cohort had significantly lower PACAP-38 levels compared to the R co-
hort (p=0.0137). In addition, plasma PACAP-38 levels of patients in groups AD and R were
significantly lower compared to the control group (p(C vs AD)<0.0001, p(C vs R)=0.0170)

[Fig. 4.].
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Figure 4. Plasma PACAP-38 levels in control group (C), in patients with active disease (AD) and in remis-
sion (R). The box plot diagram represents the interquartile range and median values. Whiskers indicate
the most extreme observations. The individual values are presented with black dots (control group, n=10),
squares (patients with AD, n=17), triangles (patients in R, n=41). Kruskal-Wallis with Dunn’s multiple
comparison test was used for statistical analysis. *p < 0.05, ****p < 0.0001.
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2.3.2. Endogenous PACAP-38 levels in relation to the depth of therapeutic response 178

We also performed a detailed analysis regarding the depth of therapeutic response. 179
The AD group included the same patients from the previous analysis, patients in remis- 180
sion were further divided into four groups based on their response to treatment as indi- 181
cated: PR (partial response; n=10, mean: 159.4 +/- 77.42 pg/mL), VGPR (very good partial 182
response; n=13, mean: 194.9 +/- 65.37 pg/mL), CR (complete remission; n=11, mean: 231.8 183
+/- 111.0 pg/mL), MRD neg. (minimal residual disease negativity; n=7, mean: 314.6 +/- 184
148.6 pg/mL). Significant differences were also observed in this analysis. We found that 185
as the depth of response increased, the patients' PACAP-38 levels steadily increased. The 186
significance shown in the previous figure between the AD and R groups persisted when 187
the AD and MRD neg. groups were examined (p=0.0048), with a similar, but not signif- 188
icant tendency between the AD and CR groups (p=0.0815). In addition, the MRD neg. pa- 189
tients presented significantly higher PACAP-38 levels than PR patients (p=0.0350) [Fig. 190
5.]. The significant difference we previously showed between MM patients and controls 191
[Fig. 1. and Fig. 4.] gradually disappeared as PACAP-38 values increased with the depth 192
of the therapeutic response [Fig. 5.]. Thus, we did not detect significant differences in PA- 193
CAP-38 levels between patients with VGPR (p=0.2083), CR and healthy controls 194
(p>0.9999) and between the MRD neg. group and healthy controls (p>0.9999). PACAP-38 195
concentrations in MRD neg. patients were almost identical to PACAP-38 concentrations 196

measured in the healthy control group (control mean: 311.7 +/- 82.19 pg/mL) [Fig. 5.]. 197
. \
600 ]

400+

Paie

T T T
C AD PR VGPR CR MRD neg.

Plasma PACAP-38 level (pg/mL)

198

Figure 5. Plasma PACAP-38 levels in relation to the depth of therapeutic response. The box plot diagram 199
represents the interquartile range and median values. Whiskers indicate the most extreme observations. 200
The individual values are presented with black dots (control group (C), n=10), downwards triangles (pa- 201
tients with active disease (AD), n=17), upwards triangles (patients in partial response (PR), n=10), rhom- 202
buses (patients in very good partial response (VGPR), n=13), hexagons (patients in complete remission 203
(CR), n=11), squares (patients with minimal residual disease negativity (MRD neg.), n=7). For statistical = 204
analysis, the Kruskal-Wallis test with Dunn’s multiple comparison was used. *p < 0.05, **p < 0.01, **p< 205
0.001, ****p < 0.0001. 206

We also examined the extent to which baseline PACAP-38 levels in untreated 207
NDMM patients predicted whether the patient would achieve CR. We divided these pa- 208
tients into two groups: at least CR (n=3, mean: 316.4 +/- 20.18 pg/mL) and worse than CR 209
(n=5, mean: 158.0 +/- 25.59 pg/mL). Despite the small number of elements, our preliminary 210
results showed higher PACAP-38 values in patients who reached CR. However, we found 211
a significant difference between patients with relapsed/refractory (RRMM) (n=4, mean: 212
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153.2 +/- 26.81 pg/mL) and non-relapsed/refractory MM (nRRMM) (n=4, mean: 281.6 +/-
71.47 pg/mL) (p=0.0302).

2.4. Changes in endogenous PACAP-38 levels in relation to plasma cell infiltration in bone
marrow

Our next goal was to examine the alteration of plasma PACAP-38 levels in relation
to plasma cell infiltration in the bone marrow, which was assessed by histological analysis
[Fig. 6. (a)] and flow cytometry (FCM) results [Fig. 6. (b)] to better estimate the proportion
of clonal plasma cells. In both analyses, we found a significant moderate negative corre-
lation between the percentage of plasma cells in the bone marrow and plasma PACAP-38
levels (histological results: n=41, p=0.0020, r=-0.4681; FCM: n=32, p=0.0030, r=-0.5078).
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Figure 6. Correlation between endogenous PACAP-38 levels and percentage of clonal plasma cells in bone
marrow with histological (a) and flow cytometry (FCM) (b) examination. Spearman rank correlation test
was used for the analysis.

When we divided our patients eligible for ASCT into two groups according to the
percentage of bone marrow plasma cells below (n=11, mean: 252.4 +/- 115.7 pg/mL) or
above 5% (n=17, mean: 168.0 +/- 80.32 pg/mL), we could detect a statistically significant
difference. Those with a plasma cell count below 5% had significantly higher PACAP-38
levels than the group above 5% of clonal plasma cells in bone marrow (p=0.0417).

2.5. Examination of endogenous PACAP-38 levels in relation to end-organ damages

2.5.1. Plasma PACAP-38 levels in relation to bone lesion and serum calcium levels

No significant relationship was found either between serum calcium and PACAP-38
levels (n=43, p=0.3657, 1=0.1414, Spearman), or between patients with (n=35) and without
(n=26) bone lesions. However, the low p-value may indicate a trend towards lower plasma
PACAP-38 levels in patients with bone lesions (p=0.0626) [Table 2.].

2.5.2. Plasma PACAP-38 levels in relation to kidney disease

No significant association was found between the plasma PACAP-38 levels and MM-
related renal disease either in the study of laboratory parameters (carbamide (n=65,
p=0.4363, r=-0.09823, Spearman), creatinine (n=65, p=0.9126, 1=0.01388, Spearman), glo-
merular filtration rate (GFR) (n=65, p=0.9381, r=0.009821, Spearman) indicative of end-or-
gan damage, or when patients were divided into groups with (n=43) and without renal
impairment (n=22) (p=0.6448) [Table 2.]. We also formed six groups according to the stage
of chronic kidney disease (CKD): normal (normal or increased GFR (above 90
mL/min/1.73 m? body surface) without other evidence of kidney damage; n=22), CKD1
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(normal or increased GFR (above 90 mL/min/1.73 m2 body surface) with other evidence of 247
kidney damage; n=4), CKD2 (slight decrease in GFR (60-89 mL/min/1.73 m? body surface) 248
with other evidence of kidney damage; n=13), CKD3 (moderate decrease in GFR (59-30 249
mL/min/1.73 m2 body surface) with or without other evidence of kidney damage; n=19), 250
CKD4 (severe decrease in GFR (29-15 mL/min/1.73 m2 body surface) with or without other 251
evidence of kidney damage; n=3), CKD5 (established renal failure (below 15 mL/min/1.73 252
m? body surface); n=4), but we found no significant differences between the tested groups 253
(p>0.9999) [Table 2.]. 254

2.5.3. Plasma PACAP-38 levels in relation to MM-associated anemia 255

In the case of anemia associated with MM, we examined the connection between 256
plasma PACAP-38 levels and laboratory values indicative of anemia (hemoglobin (Hgb), 257
hematocrit (Htc)). We formed two groups based on whether the patient was anemic ornot 258
according to the definition of MM-related anemia (Hgb below 100 g/L). In the present 259
study, we found no significant correlation or association in either case (Hgb (n=64, 260
p=0.8737, 1=-0.02027, Spearman), Htc (n=64, p=0.7210, r=-0.04552, Spearman); between 261
anemic (n=12) and non-anemic (n=52) groups (p=0.6898)) [Table 2.]. 262

2.5.4. Plasma PACAP-38 levels in relation to extramedullary disease, plasma cell leu- 263
kemia and other end-organ damage 264

We found no significant difference between patients with extramedullary disease 265
(EMD) or plasma cell leukemia (PCL) (n=18) as a result of the evolutionary process of MM 266
disease and patients who were unaffected (n=48) in this regard (p=0.3488). In addition, 267
there was no significant difference between patients with MM-related Amyloid light- 268
chain (AL) amyloidosis (renal or cardiac involvement) (n=4) and non-affected individuals 269
(n=62) (p=0.1728) [Table 2.]. 270

Table 2. Plasma PACAP-38 levels in relation to end-organ damages. Mann-Whitney U test and Kruskal- 271
Wallis test with Dunn’s comparison analysis were used for the statistical analysis. AL: Amyloid light- 272
chain, CKD: chronic kidney disease, EMD: extramedullary disease, PCL: plasma cell leukemia, SD: stand- 273
ard deviation. 274

Tested Patient Number of PACAP-38 level:

Mean +/- SD ignifi
parameters groups patients (1) i;z/:nL)S Significance (p)
Bone affected 35 171.1 +/- 67.64
lesions no 26 209.9 +/- 8152 0.0626
affected
Renal affected 43 207.4 +/- 97.40
impairment X f?:c‘:e 4 2 209.9 +/-119.8 06448
normal 22 209.9 +/-119.8
Chronic CKD1 4 192.5 +/- 52.53
. CKD2 13 212.7 +/- 108.6
kidney CKD3 19 219.1 +/- 105.4 P(between all subgroups) >0.9999
disease CKD4 3 153.9 +/-21.74
CKD5 4 189.5 +/-106.7
anemic 12 194.5 +/- 93.06
Anemia non—~ 5 199.8 +/- 89.86 0.6898
anemic
affected 18 233.9 +/-130.5
- .34
EMD or PCL non 48 198.8 +/- 91.63 0.3488
affected
AL affected 4 254.3 +/- 87.36
amyloidosis non 62 205.0 +/- 104.7 0.1728
Y

affected
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2.6. Plasma PACAP-38 levels in relation to staging and risk classifications used for MM 275

Based on the recommendations of the International Myeloma Working Group 276
(IMWG) for the staging and risk classification of MM, endogenous PACAP-38 levels were 277
examined according to the International Staging System (ISS: Stage I: serum beta-2 micro- 278
globulin (B2M) < 3.5 mg/L; serum albumin > 3.5 g/dL; Stage II: serum B2M < 3.5 mg/L; 279
serum albumin < 3.5 g/dL; or B2M 3.5 to 5.5 mg/L, irrespective of serum albumin; Stage 280
III: serum B2M > 5.5 mg/L), Revised International Staging System (R-ISS: Stage I: serum 281
B2M < 3.5 mg/l, serum albumin > 3.5 g/dl, standard-risk chromosomal abnormalities (CA) 282
by FISH (fluorescence in situ hybridization), normal lactate dehydrogenase (LDH); Stage 283
II: not R-ISS Stage I or I11; Stage I1I: serum B2M > 5.5 mg/L and either high-risk CA by FISH = 284
or high LDH) and cytogenetic risk classification (high: FISH: 17p-, 1q+, t(14;16), t(14,20) or ~ 285
GEP (gene expression profiling): high-risk signature, estimated 5-year survival: <50%; in- 286
termediate: FISH: t(4;14), cytogenetic deletion 13 or hypodiploid or Plasma Cell Labeling 287
Index > 3%, estimated 5-year survival: 50-75%; standard: all other cases, including t(11;16), 288
t(6;14) and hyperdiploid, estimated 5-year survival: >75%). For the analysis, only the PA- 289
CAP-38 levels of those patients who were diagnosed with MM disease within 1 year of 290
sample collection were examined. For R-ISS and cytogenetic risk scores, we found no sig- 291
nificant difference between the tested groups (p > 0.05), but there was a decreasing trend 292
between Stage I and II (p=0.1547) [Table 3.]. For ISS, we formed three groups in relation to 293
the stages of MM. As shown in the figure, PACAP-38 levels decreased progressively in = 294
the higher stages (Stage I: n=4, mean: 305.8+/- 147.1 pg/mL, Stage II: n=13, mean: 175.9 +/- 295
72.33 pg/mL, Stage III: n=14, mean: 143.9 +/- 38.59 pg/mL). Significant differences were 296
found between PACAP-38 levels of Stage I and Stage II (p=0.0108) and between Stage I = 297

and Stage Il patients (p=0.0014) [Fig. 7.]. 298
—
500+ -
-
T w0 .
g
3 300
éc’-: .
S 200+ .
I o
§ J— L1}
S 1004 _l'_ f%
0

Sta‘lge 1 Sta;e 11 Smgle g
International Staging System

299
Figure 7. Plasma PACAP-38 levels in relation to stages of the International Staging System. The box plot 300
diagram represents the interquartile range and median values. Whiskers indicate the most extreme ob- 301
servations. The individual values are presented with black dots (Stage I, n=4), squares (Stage I, n=13) and 302
triangles (Stage III, n=14). One-way ANOVA with Tukey’s post hoc test was used for the statistical anal- 303
ysis. *p <0.05, *p < 0.01. 304

305
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Table 3. Plasma PACAP-38 levels in relation to stage and risk stratification. One-way ANOVA with 306
Tukey’s post hoc test and unpaired t test with Welch’s correction were used for statistical analysis. R-ISS: 307

Revised International Staging System, SD: standard deviation. 308
Tested Patient Number of PACAP-38 level: Significance (p)
parameters groups patients (1) Mean +/- SD (pg/mL) 8 P
Stage I 4 289.2 +/-162.8

Pptage1vs = 0.1547

R-ISS Stage II 14 183.9 +/- 74.56 Pestage 1vs = 0.8807
Pptagemvs = 0.3914

Stage I1I 4 256.6 +/- 85.95
standard 14 233.0 +/-103.5
Cytogenetic inter- 5 -
risk mediate 1 1068 +/ 000 p(standardvshlgh) 04283
high 12 201.4 +/- 96.60
2.7. Endogenous PACAP-38 values in relation to laboratory parameters 309

In our study, we also investigated the relationship between various laboratory 310
parameters important in MM and plasma PACAP-38 levels. Correlation tests showed a 311
significant, strong negative correlation between B2M (above 5.5 mg/l, n=9, p=0.0255, r=- 312
0.7500), and moderate negative correlation between Bence-Jones (BJ) protein (n=19, 313
p=0.0180, r=-0.5359) and PACAP-38 levels. Besides, we found a negative trend for PACAP- 314
38 and erythrocyte sedimentation rate (ESR) (n=25, p=0.0833, r=-0.3531), urinary total pro- 315
tein (UTP) (n=23, p=0.0522, r=-0.4191) and serum kappa/lambda ratio (KLR) above 1.65 316
(n=18, p=0.1144, r=-0.3849), but there was a positive trend with KLR below 0.26 (n=8, 317
p=0.1323, r=0.5952). In correlation tests, no significant relation was found between serum 318
LDH, M-protein, albumin, total protein (STP) and PACAP-38 levels [Table 4. (a)]. 319
However, when two groups were formed according to the LDH serum concentrations 320
(225 U/L was chosen as the cutoff between abnormal (n=43) and normal (n=7) LDH 321
values), a substantial decrease in plasma PACAP-38 was observed in patients with higher 322
LDH values (p=0.0339) [Table 4. (b)]. A significant difference was also found when UTP 323
was considered and two groups (above (n=15) and below (n=8) 0.2 g/L protein excretion) 324
were compared (p=0.0282) [Table 4. (b)], confirming the trend of the previous correlation 325
analysis, that revealed lower PACAP-38 values in patients with higher UTP [Table 4. (a)]. 326

Table 4. (a) Plasma PACAP-38 levels in relation to laboratory parameters. Spearman correlation analysis 327
was used for the analysis. B2M: beta-2 microglobulin, BJ: Bence-Jones, ESR: erythrocyte sedimentation 328
rate, LDH: lactate-dehydrogenase, k: kappa light chain, I: lambda light chain, KLR: kappa/lambda ratio, =~ 329

sFLC: serum free light-chains assay, STP: serum total protein, UTP: urinary total protein. 330
Tested parameters o f;\;:;:i? ) cS(;fZZIeEZO(Z ) Significance (p)
B2M (all values, mg/L) 37 -0.09627 0.5709
B2M (5,5 mg/L) 9 -0.7500 0.0255
LDH (U/L) 50 -0.1472 0.3076
STP (g/L) 52 0.06989 0.6225
Albumin (g/L) 53 -0.09439 0.5014
M-protein (g/L) 38 -0.04738 0.7657
SFLC: KLR — overproduction: I (<0.26) 8 0.5952 0.1323
SFLC: KLR — normal range (0.26-1.65) 22 0.1249 0.5796
sFLC: KLR — overproduction: k (>1.65) 18 -0.3849 0.1144
UTP (g/L) 23 -0.4191 0.0522
BJ Protein (g/L) 19 -0.5359 0.0180

ESR (mm/h) 25 -0.3531 0.0833
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Table 4. (b) Plasma PACAP-38 levels in relation to laboratory parameters. Mann-Whitney U test was used =~ 331
for the statistical analysis. LDH: lactate-dehydrogenase, SD: standard deviation, UTP: urinary total pro- 332

tein. 333
Tested . Number of PACAP-38 level: C
parameters Patient groups patients (n) Mean +/- SD (pg/mL) Significance (p)
below 7 249.4 +/- 64.19
225 U/L
LDH above 0.0339
225 U/L 43 187.2 +/- 84.92
below 8 344.7 +/- 185.9
02 g/L
urTrp above 0.0282
02 gL 15 193.1 +/- 78.89
334
335
2.8. Plasma PACAP-38 levels in relation to the therapy of MM 336
2.8.1. Plasma PACAP-38 levels in relation to combination treatment 337

We also analyzed the PACAP-38 values of our patients in relation to combination 338
treatment and we formed three groups: VID (bortezomib-thalidomide-dexamethasone) 339
(n=18, mean: 172.9 +/- 72.09 pg/mL), RVd (lenalidomide-bortezomib-dexamethasone) 340
(n=11, mean: 258.1 +/- 107.4 pg/mL), and VCD therapies (bortezomib-cyclophosphamide- 341
dexamethasone) (n=6, mean: 146.3 +/- 44.34 pg/mL). PACAP-38 values of patients treated 342

with RVd were much higher than those of the other groups (p=0.0307) [Fig. 8.]. 343
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Figure 8. Plasma PACAP-38 levels in relation to the therapeutic combinations. The box plot diagram rep- 345
resents the interquartile range and median values. Whiskers indicate the most extreme observations. The 346
individual values are presented with black dots (bortezomib-thalidomide-dexamethasone (VID), n=18), 347
squares (lenalidomide-bortezomib-dexamethasone (RVd), n=11) and triangles (bortezomib-cyclophos- 348
phamide-dexamethasone (VCD), n=6). One-way ANOVA with Tukey’s post hoc test was used for the 349
statistical analysis. *p < 0.05. 350

The PACAP-38 values of our patients were also analyzed with respect to the thera- 351
peutic agents associated with the treatments, and the obtained results were shown in the 352
following table [Table 5.]. We found a significant difference between the lenalidomide- 353
treated (n=18) and the untreated group (n=40) presenting higher PACAP-38 values in the = 354
treated cohort (p=0.0062). However, the alkylating agents-treated group (n=10) presenting 355
lower PACAP-38 values than the untreated group (n=48) (p=0.0200). The PACAP-38 val- 356
ues of patients treated with daratumumab (n=4) were also higher, but probably due to the 357
small number of elements, no significant difference could be detected (p=0.0773) [Table 358
5.]. 359
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Table 5. Plasma PACAP-38 levels in relation to therapeutic agents. Mann-Whitney U test was used for the
statistical analysis. IMiDs: immunomodulatory agents, SD: standard deviation.

Tested Patient eroups Number of PACAP-38 level: Significance (p)
parameters group patients (n) Mean +/- SD (pg/mL) g P
treated 37 199.0 +/- 87.54
IMiDs not treated 21 154.3 +/- 40.80 0.0558
. treated 18 228.6 +/- 95.63
Lenalidomide .\ treated 40 161.7 +/- 55.43 0.0062
o treated 14 164.9 +/- 38.48
Thatidomide |+ treated 44 198.6 +/- 82.59 03083
o treated 44 185.8 +/- 74.11
Proteasome inhibitor not treated 14 198.7 +/- 66.63 0.4443
_ treated 10 141.3 +/- 38.16
Alkylating agents not treated 48 192.8 +/- 71.95 00200
_ treated 45 181.0 +/- 66.77
Steroid not treated 13 225.6 +/- 104.8 01582
treated 4 289.6 +/- 150.7
Daratumumab not treated 54 174.3 +/- 64.45 0.0773

2.8.2. Plasma PACAP-38 levels in relation to stem cell mobilization

Several plasma samples were collected from patients admitted to the clinic for stem
cell mobilization and subsequent peripheral stem cell collection (PBSC). First, samples
were collected before the start of conditioning treatment; and second, during stem cell
collections. A total of 15 patients with MM were observed throughout the study; in 12 of
these patients, collection had to be performed in two sessions (PBSC1 and PBSC2), and in
another 2 patients in three sessions (PBSC1, PBSC2 and PBSC3). The samples collected at
different times are therefore: before conditioning (BC; n=15, mean: 121.0 +/- 90.79 pg/mL),
first peripheral stem cell collection (PBSC1; n=15, mean: 261.6 +/- 150.5 pg/mL), second
peripheral stem cell collection (PBSC2; n=12, mean: 276.8 +/- 155.8 pg/mL) and third pe-
ripheral stem cell collection (PBSC3; n=2, mean: 694.1 +/- 177.3 pg/mL). We observed that
the endogenous PACAP-38 levels were significantly elevated throughout the process
(p(BC vs PBSC1)=0.0464, p(BC vs PBSC2)=0.0096) [Fig. 9.].
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Figure 9. Plasma PACAP-38 levels in relation to the peripheral stem cell mobilization and collection. The 379
box plot diagram represents the interquartile range and median values. Whiskers indicate the most ex- 380
treme observations. The individual values are presented with black dots (before conditioning (BC), n=15), ~ 381
squares (peripheral blood stem cell collection (PBSC)1, n=15), upwards triangles (PBSC2, n=12) and down- 382
wards triangles (PBSC3, n=2). Mixed-effects analysis with Geisser-Greenhouse correction and Holm-Sidak 383
multiple comparison test, with individual variances computed for each comparison were used for statis- 384
tical analysis. *p < 0.05, **p < 0.01. 385

3. Discussion 386

The purpose of this study was to detect alterations of PACAP levels in patients with 387
MM to investigate the role of this peptide as a potential biomarker. We correlated the 388
PACAP-38 levels with other markers used in clinical practice to gain a more detailed un- 389
derstanding of the pathomechanisms underlying the abnormalities seen in this disease. 390

For a long time, the presence of disease-related end-organ damage was a diagnostic 391
cornerstone of the definition of MM [27]. However, in 2014, the criteria were modified by 392
the IMWG to include three new biomarkers (SMM with more than 60% plasma cells, with ~ 393
more than 100 for free light chain ratios, and/or more than one focal lesion on MRI scans) 394
that were previously considered a group of extremely high-risk abnormalities [28, 29]. The = 395
latter modification was necessary because a randomized trial showed that treatment of 396
patients with high-risk SMM can improve their survival [30]. This fact represents a para- 397
digm shift in the approach of the disease, as these changes allow us to intervene in the 398
development and progression of MM before end-organ damage sets in. Traditional bi- 399
omarkers such as LDH or B2M are useful for estimating tumor mass and, to a limited 400
extent, predicting disease prognosis. However, they cannot account for the clonal hetero- 401
geneity that becomes increasingly characteristic of MM cells as the disease progresses. 402
Recently, a number of new biomarkers have been discovered, their use is becoming more 403
widespread and allow us to identify the genetic abnormalities underlying MM disease 404
[31]. However, tumorgenesis in MM is highly dependent on the local tissue microenvi- 405
ronment and its alterations. Some studies report that despite successful antitumor induc- 406
tion, the inflammatory environment formed by tumor cells persists and provides a perfect 407
basis for more pronounced infiltration of residual MM cells. The best therapeutic response 408
can be expected from a therapeutic approach that simultaneously targets the destruction 409
of abnormal plasma cells and the complex bone marrow microenvironment [32]. With the 410
development of diagnostic and proteomic techniques, it is possible to screen for several 411
proteins in MM that may reveal altered factor expression in the bone marrow-specific mi- 412
croenvironment [33], which are necessary for the diagnosis and the prognostic evaluation 413
of MM to enable early diagnosis, the use of personalized biology-based treatments and 414
appropriate monitoring of therapeutic response [34]. 415
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Our research suggests that PACAP may be one of these promising markers in the 416
future. PACAP is a multifunctional neuropeptide with proven anti-inflammatory, antiox- 417
idant and immunomodulatory effects. The level of endogenous PACAP varies considera- 418
bly in different diseases, so changes in PACAP levels serve as diagnostic and prognostic =~ 419
markers and may also be helpful in planning clinical therapies for certain diseases [12]. In 420
malignancies, a decrease in the tissue PACAP level was described in colon carcinoma [35], 421
non-small cell lung cancer [35], renal tumors [36], papillary thyroid carcinoma [37], pitui- 422
tary adenoma [38], pancreatic ductal adenocarcinoma [39], and insulinoma [40], while an 423
increase was observed in neuroblastoma [41, 42], ductal and lobular breast carcinoma [43], 424
cervical cancer [44] and prostate tumor [36], but no significant difference was found in 425
bladder and testicular tumors compared to healthy tissue [36]. The antitumor activity of 426
the peptide has been described in MM and PACAP has also been shown to be protective 427
in the development of osteolytic bone destruction [23] and disease-related renal injury [20, 428
21]. PACAP has also been described to affect signaling pathways directly involved in MM 429
cell survival and disease progression [21]. In addition, expression of its receptors on MM 430
cells, bone marrow stromal cells and proximal tubule cells has been described, showing 431
that PACAP also affects the abnormal expression of disease-associated factors in the bone 432
marrow microenvironment [21, 26]. However, PACAP has already been shown to con- 433
tribute to hematopoiesis by affecting various cell cycle regulatory factors via the PAC1 434
receptor [26]. 435

In our study, we demonstrated a significant decrease in PACAP levels in patients 436
with MM compared with age- and gender-matched healthy controls, which may open the 437
possibility in the future to use PACAP as a potential biomarker for the diagnosis of MM. 438

We found a significant negative correlation between patients’ age and PACAP levels. 439
The results of several in vivo experiments suggest that dysregulation of PACAP plays an 440
important role in ageing and the level of this neuropeptide progressively decreases with 441
age. PACAP knockout mice show signs of premature ageing even at a young age. Age- 442
related degenerations due to increased neuronal vulnerability, apoptosis, oxidative stress, 443
and inflammatory processes are observed much earlier in these animals than in wild-type 444
counterparts [45]. PACAP deficiency leads to earlier retinal lesions, corneal keratinization 445
and blurring [46]; senile systemic amyloidosis [47]; and early cartilage degeneration [48]. 446
Although the significant correlation between PACAP levels and age has not been de- 447
scribed in either healthy or patient populations, but recently our research group has 448
demonstrated significantly lower PACAP levels in the population of Parkinson’s disease 449
patients older than 50 years. In this case, however, an increase in younger patients due to 450
deep brain stimulation could not be excluded [14, 17]. Thus, our study is currently the first 451
in clinical research to demonstrate a significant decrease in plasma PACAP levels in cor- 452
relation with age of MM patients. While the probability of developing cancer at a young 453
age being 1 in 29, this ratio increases to 1 in 3 at age 70 [49]. So ageing is an important risk 454
factor for most cancers, especially MM [50], which is confirmed by the fact that the inci- 455
dence of MGUS increases steadily with age [51]. The main risk factors for the development 456
of this disease are age-related immunological changes at the level of terminally differen- 457
tiated plasma cells, which may lead to stochastic, genetic, epigenetic, and cellular pro- 458
cesses that ultimately result in clonal selection and expansion of MM cells. In these pro- 459
cesses, PACAP may play a key role by reducing oxidative stress, preventing DNA damage 460
and the development of structural and numerical chromosomal aberrations characteristic 461
of the disease. However, the evolution of manifest MM from asymptomatic forms (MGUS, 462
SMM) is an extremely slow process, and prolonged progression leads to clonal heteroge- 463
neity of tumor cells, which also significantly compromises the efficacy of therapy and lim- 464
its clinical options [4]. So, treating elderly, polymorbid patients with poor performance 465
status is a major challenge [52, 53]. 466

We also found a significant positive correlation between PACAP, OS and PFS. How- 467
ever, the great number of RRMM patients among NDMM patients may have biased this 468
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association between PACAP and PFS. Therefore, we collected follow-up data from pa- 469
tients with few months earlier diagnosis who were about to undergo their first ASCT at 470
the time of our sample collection. In this case, we also found a significant positive associ- 471
ation between PFS and PACAP, supporting the potential prognostic role of PACAP in 472
MM [54, 55]. 473

No significant association was found between hypertension, diabetes, ECOG perfor- 474
mance status and PACAP levels, suggesting that the most common comorbidities of our 475
patients and their current performance did not significantly affect the results of our study. 476

In our cross-sectional study, some patients had active disease and others were in re- 477
mission, therefore, we could assess their current disease status. It was found that patients 478
with active disease had significantly lower PACAP levels. Further grouping of patientsin 479
remission according to the depth of response to therapy showed that PACAP values in- 480
creased steadily with the depth of response until the PACAP values of MRD-negative 481
patients (which is the best prognostic factor [56, 57]) reached the PACAP values of healthy 482
controls. Among NDMM patients, those with lower PACAP values reached CR less fre- 483
quently, and there were also more RRMM patients. These results confirm our hypothesis 484
that PACAP may be a promising biomarker for evaluating and monitoring therapeutic 485
response. 486

The significant negative correlation we found between PACAP and the percentage 487
of clonal plasma cells may also be helpful in assessing therapeutic response. This resultis 488
consistent with previous studies by Li and Arimura. It has been nearly 20 years since they 489
described that PACAP has antineoplastic effects and directly inhibits plasma cell prolifer- 490
ation. The peptide decreases the levels of IL-6 and TNF-q, leading to the inhibition of p38- 491
MAPK and NF-kB signaling pathways, which play important roles in plasma cell prolif- 492
eration, migration and survival [16, 20, 21, 22, 23]. In addition, apoptosis and cell cycle 493
dysregulation are also pathogenic factors in MM, which could be affected by PACAP 494
through the regulation of cyclin D1, Ki67 and various antiapoptotic proteins (e.g., Bcl-2) 495
[26]. Previous research and the results of our study suggest that PACAP restores cell cycle 496
control in MM and, like dexamethasone, can induce apoptosis in MM cells. PACAP could 497
also affect the activation of MYC via the PI3BK-mTOR pathway and the function of DNA 498
repair systems by affecting cyclin D [16, 20, 21, 22, 23, 26]. This finding also has prognostic =~ 499
significance, as it is known that a high proportion of plasma cells is associated with shorter 500
life expectancy OS, and in our study, low levels of PACAP were associated with a high 501
proportion of plasma cells [58, 59]. In addition, literature data suggest that patients with 502
a plasma cell count below 5% before transplantation can expect a better therapeutic re- 503
sponse and longer survival after ASCT [60]. In our study, we showed that patients before 504
ASCT with plasma cell percentage below 5% had higher PACAP levels, which is also con- 505
sistent with our previous findings and supports a possible prognostic role of the peptide. 506

No significant difference was found for the end-organ damage test. Thus, it is un- 507
likely that the presence of organ damage had a significant effect on our studies. However, 508
during the investigation of bone lesion, the low p value already indicates a trend for a 509
difference between the two groups of studied patients, suggesting that PACAP levels may 510
be lower in patients with bone lesions. This result may be explained by the association of 511
PACAP and MIP-1a, which plays an important role in the development of osteolyticbone 512
destruction by osteoclast activation and may affect patient survival [61, 62, 63, 64, 65]. It 513
has been described that PACAP can inhibit the expression of MIP-1a already at the mRNA 514
level, suggesting that PACAP may play an important role in the development MM-in- 515
duced bone destruction [66, 67, 68]. 516

We also tested PACAP values for the IMWG-recommended risk and staging classifi- 517
cation systems used in our patients, and only in ISS have we found significant differences. 518
Significant decrease in PACAP levels was observed in higher ISS stages, which may indi- 519
cate a potentially valuable prognostic biomarker role of PACAP. For R-ISS, there was al- 520
ready a trend toward decline between Stages I and II, but no significant difference was 521
observed between the two groups. This result is probably due to the fact that ISSuses B2M 522
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and albumin to assess stage, whereas R-ISS also considers cytogenetic risk and LDH. In 523
our study, cytogenetic risk was not associated with PACAP levels, so we suggest that the 524
significance of ISS is biased by the inclusion of genetic abnormalities in plasma cells [69, 525
70]. 526

For B2M, the laboratory parameter that most strongly influences ISS, a significant 527
negative correlation with PACAP was described at elevated levels, with a very strong r 528
value. In the case of LDH, an indicator of tumor mass, we have shown that lower PACAP 529
values are associated with higher LDH values. Elevated values of both laboratory param- 530
eters serve as poor prognostic markers [71, 72, 73]. When we examined various serum and 531
urine proteins that indicate disease progression of MM, we found significant changes be- 532
tween BJ protein, UTP and PACAP. Increased levels of both protein levels were observed 533
in correlation with lower PACAP levels. Our results on B] protein confirm previous data 534
in the literature, as Li et al. reported in their case study that continuous PACAP infusion 535
reduced the patient’s free lambda light chain excretion [16]. The amount of B] protein re- 536
fers to two things, one is the extent of renal damage and the other is the tumor mass [74, 537
75,76, 77, 78]. When these proteins were examined, patients showed renal damage, irre- 538
spective of UTP. Renal function fell within the normal GFR range in only one patient. 539
Considering this information, we suggest that this result is not related to the renal function 540
of the patients, but to the amount of paraproteins produced by the MM cells. The most ac- 541
curate method currently available to detect paraproteins in serum is the serum free light- 542
chain (sFLC) assay, in which the KLR was measured. A negative trend between PACAP 543
and KLR above 1.65 and a positive trend below 0.26 was observed. This result is confirmed 544
by the correlation with the amount of light chains in urine. In our study, there was alsoa 545
negative trend between PACAP and ESR. The altered albumin/globulin ratio indicated by 546
ESR also suggests that PACAP must affect the amount of paraproteins produced by 547
plasma cells. Besides, ESR is an independent marker of MM, which elevated level is asso- 548
ciated with poor prognosis. The opposite trend to PACAP also confirms the potential role 549
of this neuropeptide as a biomarker [79, 80]. 550

In the last part of our study, we examined the relationship between PACAP and ther- 551
apeutic procedures in MM. In the case of combination treatments, the highest PACAP 552
levels were measured for the RVd protocol. There have been several studies comparing 553
the therapeutic protocols and there is evidence to suggest that RVd may be associated 554
with better outcomes compared to VID. RVd is associated with a higher overall response 555
rate, a longer time to disease progression, and a longer PFS to VID. RVd also showing 556
improved efficacy and tolerability compared to VID [81, 82]. It is known that the RVd 557
protocol is the most effective among currently used antimyeloma therapies, it is listed in 558
the first line in the EHA-ESMO 2021 guideline, because this protocol increases OS and PFS 559
the most [5, 83]. The RVd protocol differs from the others in that it contains lenalidomide, 560
which also has immunomodulatory effects. When therapeutic agents were examined, le- 561
nalidomide was the only agent that showed a significant correlation with an increase in 562
PACAP levels, while in the case of other agents PACAP levels decreased. The effects of 563
immunomodulators (IMiDs) are highly variable. They increase the expression of tumor 564
suppressor genes, arrest the cell cycle, inhibit angiogenesis, reduce the levels of adhesion 565
molecules, inhibit the adhesion of MM cells to bone marrow stromal cells, suppress oste- 566
oclast formation and function, and decrease the expression of proinflammatory cytokines. 567
IMiDs also affect the immune system's ability to recognize tumor cells [5, 84, 85]. Although 568
thalidomide, lenalidomide, and pomalidomide have similar biological activity, the latter 569
two are more effective [86]. Bone marrow stromal cells are of particular importance in 570
supporting MM cells. MM cells modulate the bone marrow microenvironment by induc- 571
ing the production of cytokines that promote plasma cell survival and proliferation, and 572
this inflammatory environment persists after remission [32]. Regarding the study of these 573
cytokines, it is already known that both PACAP and lenalidomide have effects that lower 574
the levels of these factors (IL-6 and TNF-a) thus attenuating the processes in the microen- 575
vironment that contribute to the survival of MM cells [20, 84, 85]. A similarly promising 576
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and effective agent is daratumumab, which also showed an increasing trend in PACAP, 577
but presumably due to the small number of elements, no significant difference was de- 578
tected. The explanation for the decrease in PACAP with other therapeutic agents, espe- 579
cially alkylating agents (cyclophosphamide, melphalan), requires further investigation. 580
There is no extensive literature on this topic yet, but it is known that low-dose PACAP 581
treatment protects against cyclophosphamide-induced thymic atrophy. Cyclophospha- 582
mide also increases PAC1 receptor expression. These results suggest that alkylating agents 583
may lead to a decrease in endogenous PACAP levels [87]. 584

For the therapies used in MM, we also examined how PACAP levels behaved during 585
stem cell mobilization and collection. This showed that PACAP levels gradually increased 586
during the process, which is likely related to G-CSF injection [83]. The exact role of PACAP 587
in hematopoiesis is still unclear, but previous studies suggest that PACAP may contribute 588
to the regulation of hematopoiesis in the bone marrow through its receptors and affects 589
the function and maturation of CD34* hematopoietic stem cells [26]. 590

In conclusion, these results confirm our hypothesis that PACAP plays an important 591
role in the pathogenesis of this disease and support the use of this peptide in clinical prac- 592

tice as a valuable biomarker. 593
4. Materials and Methods 594
4.1. Selection of patients for the study 595

The study included patients with confirmed diagnosis of MM in the Division of He- 59
matology, 1st Department of Internal Medicine, Clinical Centre, University of Pécs. Sam- 597
ple collection and patient data follow-up were conducted between July 2019 and January 598
2023. A total of 66 patients with MM were included in the examination, most of whom 599
were on treatment. At the time of the study, there were a total of 8 patients who had not 600
received treatment. The mean age of the patients was 63.97 +/- 9.807 years; 35 women and 601
31 men participated in the study. The youngest patient was 39 and the oldest was 84 years 602
old. The control blood samples were taken from mostly healthy volunteers who did not 603
suffer from hematological diseases, but three of them had hypertension, the others were 604
completely healthy and were not on any medications. The mean age of the control group 605
was 62.10 +/- 9.643 years, the oldest participant was 77 years old and the youngest was 47 606
years old. The study involved 6 women and 4 men. 607

4.2. Collection and handling of blood samples and patient data 608

Several routine laboratory and histological tests were performed in most of the par- 609
ticipants: total and ionized calcium, renal function (serum creatinine and urea nitrogen or 610
carbamide levels), inflammatory parameters (serum C-reactive protein level and ESR), 611
complete blood count (Hgb, Htc, white blood cell count (WBC), red blood cell count, plate- 612
let count), LDH, serum and urine protein determinations (electrophoresis, immunofixa- 613
tion and light chain assay: STP and UTP, albumin, B2M, BJ protein, M-protein, KLR) and 614
percentage of plasma cells in bone marrow (analyzed with histological and FCM exami- 615
nations) were determined. These markers can be used to monitor the progression of dis- 616
ease and organ damage. Where these tests were not performed on the day of sampling, 617
the results were analyzed retrospectively up to 1 month for laboratory tests and up to 6 618
months for histological reports. All laboratory tests were performed in the Department of 619
Laboratory Medicine, and Department of Pathology, Clinical Centre, University of Pécs. 620
In addition, patients with MM were evaluated according to age, gender, OS and PFES, dis- 621
ease status, ECOG score, different staging (ISS, ISS-R) and risk classifications (cytogenetic 622
risk), presence of end-organ damage or myeloma defining event: anemia, hypercalcemia, 623
bone lesion, renal failure. Furthermore, we considered the therapeutic protocol according 624
to which the patients were treated, whether they underwent stem cell transplantation or 625
not, and if the patient was submitted for mobilization and collection of stem cells, this 626
process was also accompanied by sampling. 627
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For PACAP-38 determination, peripheral venous blood was taken in tubes including 628
EDTA (ethylene-diamine tetra-acetic acid). Because of the presence of dipeptidyl-pepti- 629
dase IV (DPPIV) in the plasma, a protease inhibitor (20 uL of aprotinin solution at 1.4 630
mg/mL for 1 mL of blood) was added to the blood samples and an ice water bath was 631
used for storing the tubes to avoid peptide degradation. The EDTA-tubes were centri- 632
fuged twice immediately after the collection (first 1000 rpm, 4 °C, 5 min; then 3500 rpm, 4 633
°C, 15 min), then the supernatant was collected and stored in polypropylene tubes (Sar- 634
stedt, Budapest, Hungary) at -80 °C until ELISA analysis. 635

Patients with MM had their blood drawn once (6 mL blood in an EDTA tube) and 636
their disease stage and treatments were accurately documented. Patients (n=15) who came 637
for stem cell mobilization had a blood sample drawn on the first day of their hospital 638
admission (6 mL blood in an EDTA tube). Thereafter, most patients received chemother- 639
apy according to the mobilization protocol, followed by once-daily sc. granulocyte colony- 640
stimulating factor (G-CSF) injections. The patients' WBC count was continuously moni- 641
tored, and after the aplasia period, if the absolute neutrophil count exceeded 2 G/L, blood 642
was drawn and the CD34+ cell count was determined by FCM. When the CD34" cell count 643
in peripheral blood reached >20/uL, the patient underwent cytapheresis. At the same time, 644
an additional 6 mL of blood was collected in an EDTA tube to measure endogenous PA- 645
CAP-38 levels by ELISA. If one collection did not yield at least one graft sufficient for one 646
autologous stem cell transplantation - two in younger patients - the procedure was re- 647
peated the next day. If the collections were repeated, we also repeated our sampling. 648

If the MM patient was submitted for mobilization and collection of stem cells, only 649
those samples were included in the baseline MM samples, which were collected before 650
the start of the mobilization protocol, because a preliminary study by our research group 651
showed that PACAP-38 was increased in plasma samples during the process. Therefore, 652
samples from patients who had already received mobilization chemotherapy and G-CSF 653
injections at that time were excluded from this part of the study. These samples were eval- 654
uated in a follow-up study as a series of contiguous to evaluate changes in PACAP-38 655
levels during mobilization and collection in individual patients. 656

All human sample collections were carried out according to a protocol approved by 657
the Institutional Ethics Committee (PTE KK 6383) and followed the Declaration of Hel- 658
sinki and International Conference on Harmonization (ICH) Good Clinical Practice (GCP) 659
Guidelines to protect the rights of human subjects. In all cases, we obtained informed con- 660
sent of the volunteers. 661

4.3. Measurement of PACAP-38-like immunoreactivity (L1) by ELISA 662

A conventional, sandwich type enzyme-linked immunosorbent assay (ELISA) (hu- 663
man PACAP-38 ELISA kit, MyBiosource, San Diego, CA, USA) was performed to quantify 664
the PACAP-38-like immunoreactivity (LI) in the collected clinical samples. According to 665
our earlier studies [18] the determined concentrations are referred as PACAP-38 levels or 666
values in the manuscript. The assay was performed according to the manufacturer's in- 667
structions. Briefly, before the assay, frozen samples and test reagents were thrown and 668
allowed to reach room temperature. Then 50 pL pre-diluted PACAP-38 standards and 669
plasma samples were added to the appropriate wells of the pre-coated 96-well microplate 670
in duplicate. For the blank wells only sample diluent was added to the plate. Then 100 uL. 671
of horseradish peroxidase conjugate was added to each well, and the kit was incubated at 672
37 °C in the dark for 60 minutes. After incubation, the plate was manually washed with 673
200 uL of wash buffer, and the procedure was repeated four times. Then 50 uL of chro- 674
mogen solution A and 50 pL of chromogen solution B were added to each well of the plate 675
and incubated for 15 minutes at 37 °C in the dark. Once the appropriate colour reaction 676
occurred, the enzyme reaction was stopped by adding 50 pL of stop solution and the op- 677
tical density (OD) was read within 15 minutes at a wavelength of 450 nm. The SPECTRO- 678
Star Nano spectrophotometer (BMG Labtech, Ortenberg, Germany) was used to measure 679
the OD of the test wells. Since the obtained OD values were proportional to the content of 680
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PACAP-38 in the test samples, their concentrations were calculated by comparing the OD 681
values of the sample wells with the ODs of the standard curve. All measured PACAP-38 682
concentrations in plasma are expressed in pg/mL. 683

4.4. Statistical analysis 684

GraphPad Prism version 9.5.0 Windows program (GraphPad Software, San Diego, 685
California, USA, www.graphpad.com) was used for statistical analysis. Statistical opera- 686
tions were performed first by performing a descriptive analysis and then determining the 687
distribution of samples. Outliers were identified using the robust regression and outlier 688
removal (ROUT) method and excluded from the finer-grained statistical analysis. For 689
comparisons between groups, the Unpaired t test, Mann-Whitney U test, One-way 690
ANOVA test, Kruskal-Wallis test and Mixed-effect analysis with Tukey’s, Dunn’s, or 691
Holm-Siddk multiple comparison analysis were used, depending on the number of the 692
compared groups, the distribution of the data sets (normal or not normal) and the types 693
of the variables (dependent or independent). For comparing two or more, normally dis- 694
tributed groups with different homogeneity of variance, Welch or Geisser-Greenhouse 695
correction were applied. Pearson (normal distribution) and Spearman (non-normal distri- 696
bution) correlation analyses were performed to examine correlations between parameters. 697
The correlation coefficient (r) was used to determine the strength and direction of the lin- 698
ear relationship between variables. In all cases, p < 0.05 was considered statistically sig- 699
nificant. 700

5. Conclusions 701

In conclusion, lower PACAP levels detected in MM and the further significant de- 702
crease in peptide levels in active disease support our hypothesis that PACAP may play 703
an important role in MM. We suggest that the differences seen in the patients described 704
in our study are due to a complex microenvironmental effect induced by plasma cells 705
that results in reduced PACAP levels. This mechanism could lead to an additional sur- 706
vival advantage for plasma cells that abrogates the antitumor effect of PACAP and fur- 707
ther worsens the condition of patients with progression. In addition, the significant prog- 708
nostic role of the peptide is supported by the fact that with increasing depth of therapeu- 709
tic response, PACAP levels of MM patients rising until it reaches plasma values of healthy 710
subjects. Our hypothesis is further supported by the finding that PACAP is also associ- 711
ated with patients’ age, survival, plasma cell percentage in the bone marrow, B2M, B] 712
protein, LDH, and ISS. We conclude that PACAP (along with other markers) may be a 713
promising biomarker in the future to aid in the diagnosis of MM, assess prognosis and 714
potentially monitor the efficacy of clinical therapy. 715

716
Author Contributions: Conceptualization, T.T., A.T., H.A. and R.Cs.; methodology, T.T. and R. Cs.; 717
investigation, T.T., A.T., H.A., R.Cs. and B.P.; resources, A.T., D.R. and T.T.; data curation, T.T.and 718
B.P.; writing—original draft preparation, T.T.; writing—review and editing, A.T., AH,, RD, and 719
B.P.; visualization, T.T.; supervision, A.T. and H.A.; project administration, A.T.; funding acquisi- 720
tion, A.T. and R.D. All authors have read and agreed to the published version of the manuscript 721

Funding: This research was funded by UNKP-21-2-1-PTE-1230, UNKP-22-3--PTE-1492, PTE-KIO- 722
20 (PTE-TT/2020/6), PTE-KITEP-2021-8, Hungarian Brain Research Program NAP 3.0, Thematic Ex- 723
cellence Program 2021 TKP2021-EGA-16, ELKH-TKI-14016, NKFIH K119759, TINL/RRF-2.2.1-21. 724

Institutional Review Board Statement: All human sample collections were carried out according 725
to a protocol approved by the Institutional Ethics Committee (PTE KK 6383) and followed the Dec- 726
laration of Helsinki and ICH GCP Guidelines to protect the rights of human subjects. In all cases, 727
we obtained informed consent of the volunteers 728

Informed Consent Statement: Informed consent was obtained from all subjects involved in the 729
study. 730



Int. . Mol. Sci. 2023, 24, x FOR PEER REVIEW 20 of 23

Data Availability Statement: The data presented in this study are available in the article, there is
no supplementary data.

Acknowledgments: English language proofreading was done by Borbala Pethé M.D., Gerg6 Berke
M.D., Daniel Pham M.D., and Péter Faludi. We are very grateful to Annamaria Szalainé Santha,
Ildiké Vida, Agnes Molnar, Istvan Kovdcs, Sara Heller, Dorina Kiss and Miklés Horvath performing
collection of patient samples and clinical data. Many thanks to Eniké Nagy for performing the
ELISA measurements. We would like to thank Kornélia Borbasné Farkas Ph.D. for her ideas in the
statistical analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Kazandjian D. Multiple myeloma epidemiology and survival: A unique malignancy. Semin Oncol. 2016; 43(6), 676-681.

doi:10.1053/j.seminoncol.2016.11.004 [PubMed] [Google Scholar]

Global Cancer Observatory: Cancer Today. Lyon, France: International Agency for Research on Cancer. Available online. [Web
age]

IIz_:ﬂ%v_lym C, Morgan GJ. Evolutionary biology of high-risk multiple myeloma. Nat Rev Cancer. 2017, 17(9), 543-556.

d0i:10.1038/nrc.2017.63 [PubMed] [Google Scholar]

Urban VS, Cegledi A, Mikala G. Multiple myeloma, a quintessential malignant disease of aging: a geroscience perspective on

pathogenesis and treatment. Geroscience. 2023; 45(2), 727-746. doi:10.1007/s11357-022-00698-x [PubMed] [Google Scholar]

Stewart AK, Richardson PG, San-Miguel JF. How I treat multiple myeloma in younger. Blood. 2009; 114(27), 5436-5443.

doi:10.1182/blood-2009-07-204651 [PubMed] [Google Scholar]

Koreth ], Cutler CS, Djulbegovic B, et al. High-dose therapy with single autologous transplantation versus chemotherapy for

newly diagnosed multiple myeloma: A systematic review and meta-analysis of randomized controlled trials. Biol Blood Marrow

Transplant. 2007; 13(2), 183-196. doi:10.1016/j.bbmt.2006.09.010 [PubMed] [Google Scholar]

Al Hamed R, Bazarbachi AH, Malard F, Harousseau JL, Mohty M. Current status of autologous stem cell transplantation for

multiple myeloma. Blood Cancer |. 2019; 9(4), 44. Published 2019 Apr 8. doi:10.1038/s41408-019-0205-9 [PubMed] [Google

Scholar]

Reglodi, D.; Tamas, A. Pituitary Adenylate Cyclase Activating Polypeptide-PACAP, 1st ed.; Springer: Cham, Switzerland, 2016;

ISBN 978-3-319-35135-3. [Google Scholar]

Abad C, Tan YV. Immunomodulatory Roles of PACAP and VIP: Lessons from Knockout Mice. ] Mol Neurosci. 2018; 66(1), 102-

113. doi:10.1007/s12031-018-1150-y [PubMed] [Google Scholar]

Miyata A, Arimura A, Dahl RR, et al. Isolation of a novel 38 residue-hypothalamic polypeptide which stimulates adenylate

cyclase in pituitary cells. Biochem Biophys Res Commun. 1989; 164(1), 567-574. doi:10.1016/0006-291x(89)91757-9 [PubMed]

[Google Scholar]

Arimura A. Perspectives on pituitary adenylate cyclase activating polypeptide (PACAP) in the neuroendocrine, endocrine, and

nervous systems. [pn | Physiol. 1998; 48(5), 301-331. doi:10.2170/jjphysiol.48.301 [PubMed] [Google Scholar]

Arimura A, Somogyvari-Vigh A, Miyata A, Mizuno K, Coy DH, Kitada C. Tissue distribution of PACAP as determined by RIA:

highly abundant in the rat brain and testes. Endocrinology. 1991; 129(5), 2787-2789. doi:10.1210/endo-129-5-2787 [PubMed]

[Google Scholar]

Laburthe M, Couvineau A, Tan V. Class I G protein-coupled receptors for VIP and PACAP: structure, models of activation and

pharmacology. Peptides. 2007; 28(9), 1631-1639. doi:10.1016/j.peptides.2007.04.026 [PubMed] [Google Scholar]

Borzsei R, Mark L, Tamas A, et al. Presence of pituitary adenylate cyclase activating polypeptide-38 in human plasma and milk.

Eur ] Endocrinol. 2009; 160(4), 561-565. doi:10.1530/EJE-08-0911 [PubMed] [Google Scholar]

Birk S, Sitarz JT, Petersen KA, et al. The effect of intravenous PACAP38 on cerebral hemodynamics in healthy volunteers. Regul

Pept. 2007; 140(3), 185-191. d0i:10.1016/j.regpep.2006.12.010 [PubMed] [Google Scholar]

LiM, Maderdrut]JL, Lertora JJ, Batuman V. Intravenous infusion of pituitary adenylate cyclase-activating polypeptide (PACAP)

in a patient with multiple myeloma and myeloma kidney: a case study. Peptides. 2007; 28(9), 1891-1895.

doi:10.1016/j.peptides.2007.05.002 [PubMed] [Google Scholar]

Pham D, Polgar B, Toth T, et al. Examination of pituitary adenylate cyclase-activating polypeptide in Parkinson's disease

focusing on correlations with motor symptoms. Geroscience. 2022; 44(2), 785-803. doi:10.1007/s11357-022-00530-6 [PubMed]

[Google Scholar]

Szabo D, Sarszegi Z, Polgar B, et al. PACAP-38 and PAC1 receptor alterations in plasma and cardiac Tissue samples of heart

failure patients. Int | Mol Sci. 2022; 23(7), 3715. Published 2022 Mar 28. doi:10.3390/ijms23073715 [PubMed] [Google Scholar]

Szabo D, Sarszegi Z, Polgar B, et al. PACAP-38 in Acute ST-segment elevation myocardial infarction in humans and pigs: a

translational study. Int | Mol Sci. 2021; 22(6), 2883. Published 2021 Mar 12. d0i:10.3390/ijms22062883 [PubMed] [Google Scholar]

Arimura A, Li M, Batuman V. Potential protective action of pituitary adenylate cyclase-activating polypeptide (PACAP38) on

in vitro and in vivo models of myeloma kidney injury. Blood. 2006; 107(2), 661-668. d0i:10.1182/blood-2005-03-1186 [PubMed]

[Google Scholar]

Arimura A, Li M, Batuman V. Treatment of renal failure associated with multiple myeloma and other diseases by PACAP-38.

Ann N Y Acad Sci. 2006; 1070, 1-4. d0i:10.1196/annals.1317.093 [PubMed] [Google Scholar]

Li M, Maderdrut JL, Lertora JJ, Arimura A, Batuman V. Renoprotection by pituitary adenylate cyclase-activating polypeptide

in multiple myeloma and other kidney diseases. Regul Pept. 2008; 145(1-3), 24-32. doi:10.1016/j.regpep.2007.09.012 [PubMed]

[Google Scholar]

731
732

733
734
735
736
737
738

739

740

741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792



Int. . Mol. Sci. 2023, 24, x FOR PEER REVIEW 21 of 23

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Li M, Cortez S, Nakamachi T, Batuman V, Arimura A. Pituitary adenylate cyclase-activating polypeptide is a potent inhibitor
of the growth of light chain-secreting human multiple myeloma cells. Cancer Res. 2006; 66(17), 8796-8803. d0i:10.1158/0008-
5472.CAN-05-2809 [PubMed] [Google Scholar]

Pozo D, Guerrero JM, Calvo JR. Vasoactive intestinal peptide and pituitary adenylate cyclase-activating polypeptide inhibit
LPS-stimulated MIP-1lalpha production and mRNA expression. Cyfokine. 2002; 18(1), 35-42. doi:10.1006/cyto.2002.1024
[PubMed] [Google Scholar]

Tlili M, Rouatbi S, Sriha B, et al. Pituitary Adenylate Cyclase-Activating Polypeptide Reverses Ammonium Metavanadate-
Induced Airway Hyperresponsiveness in Rats. Oxid Med Cell Longev. 2015; 2015, 787561. doi:10.1155/2015/787561 [PubMed]
[Google Scholar]

Xu Z, Ohtaki H, Watanabe J, et al. Pituitary adenylate cyclase-activating polypeptide (PACAP) contributes to the proliferation
of hematopoietic progenitor cells in murine bone marrow via PACAP-specific receptor. Sci Rep. 2016; 6, 22373. Published 2016
Feb 29. doi:10.1038/srep22373 [PubMed] [Google Scholar]

International Myeloma Working Group. Criteria for the classification of monoclonal gammopathies, multiple myeloma and
related disorders: a report of the International Myeloma Working Group. Br | Haematol. 2003; 121(5), 749-757. [PubMed] [Google
Scholar]

Kyle RA, Durie BG, Rajkumar SV, et al. Monoclonal gammopathy of undetermined significance (MGUS) and smoldering
(asymptomatic) multiple myeloma: IMWG consensus perspectives risk factors for progression and guidelines for monitoring
and management. Leukemia. 2010; 24(6), 1121-1127. doi:10.1038/1eu.2010.60 [PubMed] [Google Scholar]

Rajkumar SV. Updated diagnostic criteria and staging system for multiple myeloma. Am Soc Clin Oncol Educ Book. 2016; 35,
e418-e423. doi:10.1200/EDBK_159009 [PubMed] [Google Scholar]

Mateos MV, Hernandez MT, Giraldo P, et al. Lenalidomide plus dexamethasone for high-risk smoldering multiple myeloma.
N Engl ] Med. 2013; 369(5), 438-447. doi:10.1056/NEJMoa1300439 [PubMed] [Google Scholar]

Levin A, Hari P, Dhakal B. Novel biomarkers in multiple myeloma. Trans! Res. 2018; 201, 49-59. d0i:10.1016/j.trs1.2018.05.003
[PubMed] [Google Scholar]

de Jong MME, Kellermayer Z, Papazian N, et al. The multiple myeloma microenvironment is defined by an inflammatory
stromal cell landscape. Nat Immunol. 2021; 22(6), 769-780. d0i:10.1038/s41590-021-00931-3 [PubMed] [Google Scholar]

Pawlyn C, Davies FE. Toward personalized treatment in multiple myeloma based on molecular characteristics. Blood. 2019;
133(7), 660-675. doi:10.1182/blood-2018-09-825331 [PubMed] [Google Scholar]

Cheng Q, Zhao F, Zhang B, et al. Prognostic nomogram incorporating cytokines for overall survival in patients with newly
diagnosed multiple myeloma. Int Immunopharmacol. 2021; 99, 108016. doi:10.1016/j.intimp.2021.108016 [PubMed] [Google
Scholar]

Szanto Z, Sarszegi Z, Reglodi D, et al. PACAP immunoreactivity in human malignant tumor samples and cardiac diseases. |
Mol Neurosci. 2012; 48(3), 667-673. d0i:10.1007/s12031-012-9815-4 [PubMed] [Google Scholar]

Tamas A, Javorhazy A, Reglodi D, et al. Examination of PACAP-like immunoreactivity in urogenital tumor samples. | Mol
Neurosci. 2016; 59(2), 177-183. doi:10.1007/s12031-015-0652-0 [PubMed] [Google Scholar]

Bardosi S, Bardosi A, Nagy Z, Reglodi D. Expression of PACAP and PAC1 receptor in normal human thyroid gland and in
thyroid papillary carcinoma. ] Mol Neurosci. 2016; 60(2), 171-178. d0i:10.1007/s12031-016-0823-7 [PubMed] [Google Scholar]
Oka H, Jin L, Reubi JC, et al. Pituitary adenylate-cyclase-activating polypeptide (PACAP) binding sites and PACAP/vasoactive
intestinal polypeptide receptor expression in human pituitary adenomas. Am | Pathol. 1998; 153(6), 1787-1796. d0i:10.1016/S0002-
9440(10)65693-3 [PubMed] [Google Scholar]

Ferencz S, Reglodi D, Kaszas B, et al. PACAP and PAC1 receptor expression in pancreatic ductal carcinoma. Oncol Lett. 2019;
18(6), 5725-5730. d0i:10.3892/01.2019.10971 [PubMed] [Google Scholar]

Ferencz, S., Toth, D., Kaszas, B. et al. PACAP and PACI receptor expression in human insulinomas. Int | Pept Res Ther. 2021, 27,
1719-1728. https://doi.org/10.1007/s10989-021-10204-0 [Google Scholar]

Takahashi K, Totsune K, Murakami O, et al. Pituitary adenylate cyclase activating polypeptide (PACAP)-like immunoreactivity
in ganglioneuroblastoma and neuroblastoma. Regul Pept. 1993; 49(1), 19-24. doi:10.1016/0167-0115(93)90379-m [PubMed]
[Google Scholar]

de Boisvilliers M, Perrin F, Hebache S, et al. VIP and PACAP analogs regulate therapeutic targets in high-risk neuroblastoma
cells. Peptides. 2016; 78, 30-41. doi:10.1016/j.peptides.2016.01.014 [PubMed] [Google Scholar]

Garcia-Fernandez MO, Collado B, Bodega G, et al. Pituitary adenylate cyclase-activating peptide/vasoactive intestinal peptide
receptors in human normal mammary gland and breast cancer tissue. Gynecol Endocrinol. 2005; 20(6), 327-333.
doi:10.1080/09513590500098240 [PubMed] [Google Scholar]

Lee JH, Lee]Y, Rho SB, et al. PACAP inhibits tumor growth and interferes with clusterin in cervical carcinomas. FEBS Lett. 2014;
588(24), 4730-4739. doi:10.1016/j.febslet.2014.11.004 [PubMed] [Google Scholar]

Reglodi D, Atlasz T, Szabo E, et al. PACAP deficiency as a model of aging. Geroscience. 2018; 40(5-6), 437-452. doi:10.1007/s11357-
018-0045-8 [PubMed] [Google Scholar]

Kovacs-Valasek A, Szabadfi K, Denes V, et al. Accelerated retinal aging in PACAP knock-out mice. Neuroscience. 2017; 348, 1-
10. doi:10.1016/j.neuroscience.2017.02.003 [PubMed] [Google Scholar]

Reglodi D, Jungling A, Longuespée R, et al. Accelerated pre-senile systemic amyloidosis in PACAP knockout mice - a protective
role of PACAP in age-related degenerative processes. | Pathol. 2018; 245(4), 478-490. d0i:10.1002/path.5100 [PubMed] [Google
Scholar]

Szegeczki V, Bauer B, Jungling A, et al. Age-related alterations of articular cartilage in pituitary adenylate cyclase-activating
polypeptide (PACAP) gene-deficient mice. Geroscience. 2019; 41(6), 775-793. doi:10.1007/s11357-019-00097-9 [PubMed] [Google
Scholar]

Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer Statistics, 2021. CA Cancer ] Clin. 2021; 71(1), 7-33. doi: 10.3322/caac.21654.
[PubMed] [Google Scholar]

793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858



Int. . Mol. Sci. 2023, 24, x FOR PEER REVIEW 22 of 23

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Farrelly C. 50 years of the "war on cancer": lessons for public health and geroscience. Geroscience. 2021; 43(3), 1229-1235.
doi:10.1007/s11357-021-00366-6 [PubMed] [Google Scholar]

Crawford ], Eye MK, Cohen HJ. Evaluation of monoclonal gammopathies in the "well" elderly. Am ] Med. 1987; 82(1), 39-45.
doi:10.1016/0002-9343(87)90375-5[PubMed] [Google Scholar]

Zweegman S, Palumbo A, Bringhen S, Sonneveld P. Age and aging in blood disorders: multiple myeloma. Haematologica. 2014;
99(7), 1133-1137. doi:10.3324/haematol.2014.110296 [PubMed] [Google Scholar]

Gautier M, Cohen HJ. Multiple myeloma in the elderly. | Am Geriatr Soc. 1994; 42(6), 653-664. doi:10.1111/j.1532-
5415.1994.tb06866.x [PubMed] [Google Scholar]

Bladé ], Mufioz M, Fontanillas M, et al. Treatment of multiple myeloma in elderly people: long-term results in 178 patients. Age
Ageing. 1996; 25(5), 357-361. doi:10.1093/ageing/25.5.357 [PubMed] [Google Scholar]

Kyle RA, Gertz MA, Witzig TE, et al. Review of 1027 patients with newly diagnosed multiple myeloma. Mayo Clin Proc. 2003;
78(1), 21-33. doi:10.4065/78.1.21 [PubMed] [Google Scholar]

Tschautscher MA, Jevremovic D, Rajkumar V, et al. Prognostic value of minimal residual disease and polyclonal plasma cells
in myeloma patients achieving a complete response to therapy. Am | Hematol. 2019; 94(7), 751-756. doi:10.1002/ajh.25481
[PubMed] [Google Scholar]

Cavo M, San-Miguel ], Usmani SZ, et al. Prognostic value of minimal residual disease negativity in myeloma: combined analysis
of POLLUX, CASTOR, ALCYONE, and MAIA. Blood. 2022; 139(6), 835-844. d0i:10.1182/blood.2021011101 [PubMed] [Google
Scholar]

Lalayanni C, Iskas M, Vadikoliou C, Panteliadou K, Kaliou M, Tassi I, Chatzioannidis A, Boussiou Z, Heva A, Papathanasiou
M, Anagnostopoulos A. Prognostic Value of Diagnostic Bone Marrow Plasma Cell Percentage in Multiple Myeloma. Clinical
Lymphoma Myeloma and Leukemia, 2017; 17(1), e43. https://doi.org/10.1016/j.clm1.2017.03.076. [Google Scholar]

Pasqualetti P, Colantonio D, Casale R. Valore prognostico della percentuale di plasmacellule midollari nel mieloma multiplo
[Prognostic value of the ratio of bone marrow plasma cells in multiple myeloma]. Minerva Med. 1990; 81(3), 129-133. [PubMed]
Chakraborty R, Muchtar E, Kumar SK, et al. Impact of pre-transplant bone marrow plasma cell percentage on post-transplant
response and survival in newly diagnosed multiple myeloma. Leuk Lymphoma. 2017, 58(2), 308-315.
doi:10.1080/10428194.2016.1201572. [PubMed] [Google Scholar]

Harousseau JL, Moreau P. Autologous hematopoietic stem-cell transplantation for multiple myeloma. N Engl | Med. 2009;
360(25), 2645-2654. doi:10.1056/NEJMct0805626 [PubMed] [Google Scholar]

Lentzsch S, Gries M, Janz M, Bargou R, Dérken B, Mapara MY. Macrophage inflammatory protein 1-alpha (MIP-1 alpha)
triggers migration and signaling cascades mediating survival and proliferation in multiple myeloma (MM) cells. Blood. 2003;
101(9), 3568-3573. doi:10.1182/blood-2002-08-2383 [PubMed] [Google Scholar]

Robak P, Wegtowska E, Drézdz I, et al. Cytokine and Chemokine Profile in Patients with Multiple Myeloma Treated with
Bortezomib. Mediators Inflamm. 2020; 2020, 1835836. Published 2020 Jun 6. doi:10.1155/2020/1835836 [PubMed] [Google Scholar]
Terpos E, Politou M, Szydlo R, Goldman JM, Apperley JF, Rahemtulla A. Serum levels of macrophage inflammatory protein-1
alpha (MIP-1lalpha) correlate with the extent of bone disease and survival in patients with multiple myeloma. Br | Haematol.
2003; 123(1), 106-109. doi:10.1046/.1365-2141.2003.04561.x [PubMed] [Google Scholar]

Terpos E, Politou M, Viniou N, Rahemtulla A. Significance of macrophage inflammatory protein-1 alpha (MIP-lalpha) in
multiple myeloma. Leuk Lymphoma. 2005; 46(12), 1699-1707. doi:10.1080/10428190500175049 [PubMed] [Google Scholar]

Pozo D, Guerrero JM, Calvo JR. Vasoactive intestinal peptide and pituitary adenylate cyclase-activating polypeptide inhibit
LPS-stimulated MIP-1lalpha production and mRNA expression. Cyfokine. 2002; 18(1), 35-42. doi:10.1006/cyto.2002.1024
[PubMed] [Google Scholar]

Delgado M, Ganea D. Inhibition of endotoxin-induced macrophage chemokine production by VIP and PACAP in vitro and in
vivo. Arch Physiol Biochem. 2001; 109(4), 377-382. doi:10.1076/apab.109.4.377.4237 [PubMed] [Google Scholar]

Delgado M, Ganea D. Inhibition of endotoxin-induced macrophage chemokine production by vasoactive intestinal peptide and
pituitary adenylate cyclase-activating polypeptide in vitro and in vivo. ] Immunol. 2001; 167(2), 966-975.
doi:10.4049/jimmunol.167.2.966 [PubMed] [Google Scholar]

Greipp PR, San Miguel J, Durie BG, et al. International staging system for multiple myeloma. | Clin Oncol. 2005; 23(15), 3412-
3420. doi:10.1200/JC0O.2005.04.242 [PubMed] [Google Scholar]

Palumbo A, Avet-Loiseau H, Oliva S, et al. Revised International Staging System for multiple myeloma: a report from
International Myeloma Working Group. ] Clin Oncol. 2015; 33(26), 2863-2869. d0i:10.1200/JC0O.2015.61.2267 [PubMed] [Google
Scholar]

Kyrtsonis MC, Maltezas D, Tzenou T, Koulieris E, Bradwell AR. Staging systems and prognostic factors as a guide to therapeutic
decisions in multiple myeloma. Semin Hematol. 2009; 46(2), 110-117. doi:10.1053/j.seminhematol.2009.02.004 [PubMed] [Google
Scholar]

Stella-Holowiecka B, Czerw T, Holowiecka-Goral A, Giebel S, Wojnar ], Holowiecki J. Beta-2-microglobulin level predicts
outcome following autologous hematopoietic stem cell transplantation in patients with multiple myeloma. Transplant Proc.
2007; 39(9), 2893-2897. doi:10.1016/j.transproceed.2007.08.052 [PubMed] [Google Scholar]

Simonsson B, Brenning G, Kallander C, Ahre A. Prognostic value of serum lactic dehydrogenase (S-LDH) in multiple myeloma.
Eur ] Clin Invest. 1987; 17(4), 336-339. d0i:10.1111/j.1365-2362.1987.tb02197.x [PubMed] [Google Scholar]

Durie BG, Cole PW, Chen HS, Himmelstein K], Salmon SE. Synthesis and metabolism of Bence Jones protein and calculation of
tumour burden in patients with Bence Jones myeloma. Br | Haematol. 1981; 47(1), 7-19. doi:10.1111/j.1365-2141.1981.tb02757.x
[PubMed] [Google Scholar]

Sinohara H, Matsuura K. Does catalytic activity of Bence-Jones proteins contribute to the pathogenesis of multiple myeloma?.
Appl Biochem Biotechnol. 2000; 83(1-3), 85-153. d0i:10.1385/abab:83:1-3:85 [PubMed] [Google Scholar]

Matsuura K, Ikoma S, Watanabe M, Togawa A, Sinohara H. Some Bence-Jones proteins enter cultured renal tubular cells, reach
nuclei and induce cell death. Immunology. 1999; 98(4), 584-589. d0i:10.1046/j.1365-2567.1999.00898.x [PubMed] [Google Scholar]

859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924



Int. . Mol. Sci. 2023, 24, x FOR PEER REVIEW 23 of 23

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Matsuura K, Ohara K, Munakata H, Hifumi E, Uda T. Pathogenicity of catalytic antibodies: catalytic activity of Bence Jones
proteins from myeloma patients with renal impairment can elicit cytotoxic effects. Biol Chem. 2006; 387(5), 543-548.
do0i:10.1515/BC.2006.070 [PubMed] [Google Scholar]

De Novellis D, Fontana R, Carobene A, et al. Serum free light-chain ratio at diagnosis is associated with early renal damage in
multiple myeloma: a case series real-world study. Biomedicines. 2022; 10(7), 1657. Published 2022 Jul 10.
do0i:10.3390/biomedicines10071657 [PubMed] [Google Scholar]

Alexandrakis MG, Passam FH, Ganotakis ES, et al. The clinical and prognostic significance of erythrocyte sedimentation rate
(ESR), serum interleukin-6 (IL-6) and acute phase protein levels in multiple myeloma. Clin Lab Haematol. 2003; 25(1), 41-46.
doi:10.1046/j.1365-2257.2003.00492.x [PubMed] [Google Scholar]

Hussain A, Almenfi HF, Almehdewi AM, Hamza MS, Bhat MS, Vijayashankar NP. Laboratory features of newly diagnosed
multiple myeloma patients. Cureus. 2019; 11(5), e4716. Published 2019 May 22. doi:10.7759/cureus.4716 [PubMed] [Google
Scholar]

Durie BGM, Hoering A, Abidi MH, et al. Bortezomib with lenalidomide and dexamethasone versus lenalidomide and
dexamethasone alone in patients with newly diagnosed myeloma without intent for immediate autologous stem-cell transplant
(SWOG S0777): a randomised, open-label, phase 3 trial. Lancet. 2017; 389(10068), 519-527. doi:10.1016/50140-6736(16)31594-X
[PubMed] [Google Scholar]

Kumar S, Flinn [, Richardson PG, et al. Randomized, multicenter, phase 2 study (EVOLUTION) of combinations of bortezomib,
dexamethasone, cyclophosphamide, and lenalidomide in previously untreated multiple myeloma. Blood. 2012; 119(19), 4375-
4382. d0i:10.1182/blood-2011-11-395749 [PubMed] [Google Scholar]

Dimopoulos MA, Moreau P, Terpos E, et al. Multiple Myeloma: EHA-ESMO clinical practice guidelines for diagnosis, treatment
and follow-up. Hemasphere. 2021; 5(2), e528. Published 2021 Feb 3. doi:10.1097/HS9.0000000000000528 [PubMed] [Google
Scholar]

Quach H, Ritchie D, Stewart AK, et al. Mechanism of action of immunomodulatory drugs (IMiDS) in multiple myeloma.
Leukemia. 2010; 24(1), 22-32. d0i:10.1038/leu.2009.236 [PubMed] [Google Scholar]

Hideshima T, Anderson KC. Molecular mechanisms of novel therapeutic approaches for multiple myeloma. Nat Rev Cancer.
2002; 2(12), 927-937. d0i:10.1038/nrc952 [PubMed] [Google Scholar]

Anderson KC. Lenalidomide and thalidomide: mechanisms of action-similarities and differences. Semin Hematol. 2005; 42(4
Suppl 4), S3-S8. d0i:10.1053/j.seminhematol.2005.10.001 [PubMed] [Google Scholar]

Zhang H, Yu R, Liu X, Guo X, Zeng Z. The expression of PAC1 increases in the degenerative thymus and low dose PACAP
protects female mice from cyclophosphamide induced thymus atrophy. Peptides. 2012; 38(2), 337-343.
doi:10.1016/j.peptides.2012.09.009 [PubMed] [Google Scholar]

925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956



