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ABSTRACT
Prolactin (PRL) has recently been demonstrated to elicit female-selective nociceptor sensitization and 
increase pain-like behaviors in female animals. Here we report the discovery and characterization of first- 
in-class, humanized PRL neutralizing monoclonal antibodies (PRL mAbs). We obtained two potent and 
selective PRL mAbs, PL 200,031 and PL 200,039. PL 200,031 was engineered as human IgG1 whereas PL 
200,039 was reformatted as human IgG4. Both mAbs have sub-nanomolar affinity for human PRL (hPRL) 
and produce concentration-dependent and complete inhibition of hPRL signaling at the hPRL receptor 
(hPRLR). These two PRL mAbs are selective for hPRL as they do not inhibit other hPRLR agonists such as 
human growth hormone or placental lactogen. They also cross-react with non-human primate PRL but 
not with rodent PRL. Further, both mAbs show long clearance half-lives after intravenous administration 
in FcRn-humanized mice. Consistent with their isotypes, these mAbs only differ in binding affinities to Fcγ 
receptors, as expected by design. Finally, PL 200,019, the murine parental mAb of PL 200,031 and PL 
200,039, fully blocked stress-induced and PRL-dependent pain behaviors in female PRL-humanized mice, 
thereby providing in vivo preclinical proof-of-efficacy for PRL mAbs in mechanisms relevant to pain in 
females.
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Introduction

Women have higher sensitivity to experimental pain and are at 
a greater risk of experiencing many clinical pain syndromes.1 

The most striking sex differences are observed in functional 
pain syndromes (FPS), a large subgroup of pain conditions 
defined by the absence of a clear etiology or tissue injury.2 FPS 
are characterized by unusually high female:male prevalence 
ratios. These include, but are not limited to, temporomandibu-
lar disorders (9:1 ratio), fibromyalgia (9:1 ratio), irritable bowel 
syndrome (3:1 ratio), and migraine (3:1 ratio).3–6 In addition, 
women are also affected by female-specific pain conditions, 
such as dysmenorrhea, endometriosis, and vulvodynia.7–9 

Female-predominant FPS and female-specific pain conditions 
typically peak during reproductive age, are often exacerbated 
during the menstrual cycle and by stress, and regress or dis-
appear after menopause, suggesting the involvement of stress 
and/or female hormones in FPS sex disparities.10–14

Prolactin (PRL) has recently emerged as a key factor that 
promotes female-selective nociception and pain-like behaviors 
in preclinical models.15–24 Such sexually dimorphic effects are 
likely to be of high translational relevance in promoting pain in 
women. PRL is a widely expressed polypeptide hormone exert-
ing pleiotropic endocrine, paracrine, and autocrine 
functions.25,26 PRL is produced by lactotroph cells of the 

anterior pituitary and multiple extra-pituitary tissues.27 

Circulating PRL levels are higher in women than men, increase 
during reproductive age and under stress, vary during the 
menstrual cycle, and decline after menopause, suggesting con-
trol by female sex hormones.28,29 PRL plays a critical role in 
mammogenesis and lactogenesis, and thus is naturally elevated 
during pregnancy and breastfeeding.30 Excessive PRL has been 
associated with galactorrhea, amenorrhea, mastalgia, inferti-
lity, endometriosis, osteoporosis, breast and prostate cancer, 
erectile dysfunction, and migraine.30–37

The PRL receptor (PRLR) is expressed in trigeminal gang-
lion (TG) and dorsal root ganglia (DRG) neurons in rodents, 
and PRL selectively sensitizes female TG and DRG 
nociceptors.15,18–20,38 Furthermore, topical application of 
PRL to the dura mater produces migraine-like pain in female 
but not male animals, and is associated with release of calcito-
nin gene-related peptide, a peptide known to trigger migraine 
attacks in humans.15,18,39 Patients with hyperprolactinemia 
have increased migraine that decreases with treatment of 
hyperprolactinemia.31,40–42 Altogether, these data suggest that 
excessive PRL signaling could contribute to migraine in 
women, as well as possibly to a broader range of female- 
predominant FPS or female-specific pain conditions, and 
that blocking both pituitary and extra-pituitary PRL may be 
clinically beneficial to treat pain in women.
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Both production and secretion of PRL in pituitary and 
extra-pituitary tissues are differentially regulated.30,43,44 

In humans, there is a single gene coding for PRL and two 
distinct promoters regulating PRL expression in pituitary and 
extra-pituitary tissues.43 Dopamine inhibits PRL secretion 
from the pituitary but does not affect extra-pituitary PRL.44 

Dopaminergic type 2 (D2) receptor agonists, such as cabergo-
line or bromocriptine, while useful to inhibit PRL release from 
the pituitary, do not control PRL release from extra-pituitary 
tissues.33,44 Attempts at developing therapeutics able to block 
both pituitary and extra-pituitary PRL responses have focused 
on PRLR antagonists, either peptides or PRLR antibodies.45–47 

Previously disclosed peptide PRLR antagonists have been used 
as pharmacological tools, but they have insufficient potency 
and their duration of action is too short to enable development 
as therapeutics.48,49 Efforts to extend the half-life of these 
peptide PRLR antagonists by addition of an albumin binding 
domain resulted in a loss in potency.50 Furthermore, PRLR 
antibodies, while effective at inhibiting PRL-induced activa-
tion of PRLR, are not selective for PRL, as they also inhibit 
PRLR activation by growth hormone and placental lactogen, 
two hormones structurally related to PRL.51 Currently, there is 
no medication available that can solely and completely neu-
tralize responses to PRL produced by both pituitary and extra- 
pituitary sites. Here, we describe novel humanized prolactin 
neutralizing monoclonal antibodies (PRL mAbs) with high 
affinity and selectivity for human PRL (hPRL), and the ability 
to potently and selectively inhibit hPRL activation of the 
human PRLR (hPRLR).

Results

Identification of the PRL-neutralizing mAb lead

A collection of purified antibodies generated by mouse immu-
nization and hybridoma methods were evaluated for their 
ability to block hPRL activation of hPRLR in an in vitro func-
tional assay. Activation of hPRLR was monitored by measur-
ing intracellular phosphorylated STAT5 in GS Xceed 

CHOK1SV GS-KO cells stably expressing the long hPRLR 
isoform using a time-resolved fluorescence energy transfer 
(TRFRET)-based assay.26,52 Concentration-response curves 
for hPRLR activation were generated for hPRL, as well as for 
human GH (hGH) and human PL (hPL), two related hor-
mones known to also activate hPRLR.51 hPRL, hGH, and 
hPL produced concentration-dependent and maximal activa-
tion of the hPRLR (Figure 1a) with half-maximal effective 
concentration (EC50) of 9 nM, 9 nM, and 172 nM, respectively.

Fourteen candidate and three reference monoclonal anti-
bodies (mAbs) were screened for neutralizing activity by 
pre-incubating the mAbs with a submaximally effective con-
centration of hPRL prior to the functional assay. Only six of 
the candidate mAbs and one reference mAb (INNhPRL1) 
inhibited hPRL activation of hPRLR by ≥ 80% (Figure 1b). 
The other eight candidates and two reference mAbs (6F11, 
A7) were either less effective or unable to reduce hPRL 
response, demonstrating that not all hPRL-binding mAbs 
prevent hPRL activation of hPRLR.

To identify a lead antibody, the six candidates were further 
progressed to full concentration-response curve studies to 
assess their abilities to inhibit the agonist activity of hPRL at 
the hPRLR. All candidates displayed a concentration- 
dependent and complete inhibition of hPRLR activation by 
hPRL (Supplementary Figure S1). The most potent mAb can-
didate had a half-maximal inhibitory concentration (IC50) of 
2.1 nM (Supplementary Table S1), displayed complete inhibi-
tion of hPRLR activation at half the molar concentration of 
hPRL in the assay, and was selected as a lead for subsequent 
characterization.

Characterization of PL 200,019

To support further characterization, the murine mAb lead 
from the previous screen was recombinantly expressed 
using Lonza’s GS Xceed Expression System in a fed-batch 
production, protein G purified, and analytically character-
ized. The resulting product, PL 200,019, exhibited 

Figure 1. Screen for hybridoma-derived mAbs with hPRL-neutralizing activity. (a) hPRLR-expressing CHOK1SV GS-KO cells were stimulated with increasing concentra-
tions of hPRL (0–434 nM), hGH (0–1,010 nM), or hPL (0–1,449 nM) for 15 minutes at 37°C before measuring hPRLR signaling by phospho-STAT5 TR-FRET activity assay. 
Data was normalized to maximum response observed for each agonist. Values represent mean ± SEM of two (hPL) or three independent experiments (hPRL and hGH). 
(b) hPRLR-expressing CHOK1SV GS-KO cells were stimulated with 20 nM hPRL preincubated with 100 nM of various hybridoma-derived mAbs or control mAbs with 
reported PRL-neutralizing activity. Data was normalized to maximum response of untreated stimulated cells. Values represent mean ± SEM of two independent 
screens. The dotted horizontal line represents 80% inhibition cutoff.
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comparable efficacy and potency to the hybridoma-purified 
mAb in inhibiting hPRL activation of hPRLR. As expected, 
PL 200,019 did not inhibit hGH or hPL responses 
(Supplementary Figure S2a), thus confirming selectivity for 
hPRL and lack of cross-reactivity with other hPRLR ago-
nists. This further demonstrated that the observed neutra-
lizing activity of PL 200,019 is a result of binding to hPRL 
and not hPRLR. Furthermore, PL 200,019 inhibited non- 
human primate PRL (nhpPRL) activation of hPRLR 
(Supplementary Figure S2c, IC50: 5.8 nM), but not mouse 
PRL (mPRL) or rat PRL (rPRL) activation of the mouse PRL 
receptor (mPRLR), thereby establishing species cross- 
reactivity with primate but not rodent PRL 
(Supplementary Figure S2d). PL 200,019 is a mouse IgG1/ 
kappa with a IGHV1–9 × 01 variable heavy chain and 
a IGKV3–5 × 01 variable light chain. Based on these results, 
PL 200,019 was further progressed to humanization.

Humanization and candidate selection

PL 200,019 complementarity-determining regions (CDRs) 
were grafted onto four human variable heavy (VH) and 
four human variable light (VL) region frameworks (i.e., 
a 4 × 4 matrix). All 16 VH and VL combinations were 
transiently expressed as human IgG1 in HEK293T cells 
and assayed for binding to hPRL by direct enzyme-linked 
immunosorbent assay (ELISA) (data not shown). The 
developability properties of all humanized mAbs were 
compared to commercially available therapeutic mAbs in 
silico (Supplementary Table S2) and the top six candidates 
were screened in vitro in the hPRL/hPRLR functional assay 
(data not shown). The resulting PRL mAb with the best 
overall profile, PL 200,031, achieved a potency comparable 
to its parent murine mAb (IC50 of 2.7 nM vs. 3.2 nM, 
respectively, data not shown) and did not exhibit any 

development liabilities. PL 200,031 was reformatted as 
a human IgG4 with S228P hinge stabilizing mutation to 
generate PL 200,039, a PRL mAb variant with expected 
reduced antibody effector functions.53,54

Stable CHOK1SV GS-KO cell pools expressing PL 200,031 
and PL 200,039 were generated using Lonza’s GS Xceed 
Expression System. Both stable pools regularly reached ≥3  
g/L expression yield in non-optimized, research-grade fed- 
batch production, suggesting that after further cell line devel-
opment, clonal selection, and optimization of bioreactor cul-
ture conditions, both antibodies would likely achieve 
significantly higher yields during large-scale GMP manufac-
turing. Production of the PRL mAbs yielded a uniform, 
monomeric product of expected size following purification 
(Supplementary Figures S3 and S4, Supplementary Tables S3 
and S4). Additionally, both PRL mAbs were able to be con-
centrated to >100 mg/ml in 20 mM, pH 6.0 histidine buffer 
without apparent aggregation (Supplementary Table S5). The 
IgG1-based PL 200,031 and IgG4-based PL 200,039 were 
selected as PRL mAb leads and evaluated jointly in subse-
quent comparative studies.

Binding affinity of PL 200,031 and PL 200,039

Binding kinetics and affinities of PL 200,019, PL 200,031, 
and PL 200,039 for hPRL were first determined by biolayer 
interferometry. The representative sensorgrams for PL 
200,039 are shown in Figure 2. All antibodies showed strong, 
sub-nanomolar affinity for hPRL (Table 1). The binding 
kinetics of PL 200,039 for nhpPRL, rPRL, hGH, and hPL 
were also assessed. As expected, PL 200,039 maintained 
strong affinity for nhpPRL and did not display any signifi-
cant binding to rPRL, hGH, or hPL, highlighting its selectiv-
ity for primate PRL (Table 1).

Figure 2. Binding kinetics of PL 200,039. Biolayer interferometry analysis of the binding of PL 200,039 to (a) hPRL, (b) hGH, (c) hPL, (d) nhpPRL, and (e) rPRL 
accomplished by immobilizing PL 200,039 onto anti-human-Fc capture biosensors, and incubating a range of concentrations (100, 33, 11 nM or 45, 15, 5 nM) of each 
analyte. Kinetic parameters were calculated using a 1:1 model with global fitting. Experimental response at each concentration are shown with each calculated fitted 
curve (solid lines).
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Neutralizing activity and selectivity of PL 200,031 and PL 
200,039

To confirm that the humanized mAbs PL 200,031 and PL 
200,039 maintained selective neutralization of hPRL, their 
activities were compared to the parental murine mAb PL 
200,019 in the hPRLR functional assay. Both antibodies pro-
duced a potent, concentration-dependent, and complete inhi-
bition of both hPRL- and nhpPRL-induced activation of 
hPRLR, but did not inhibit hGH- and hPL-induced activation 
of hPRLR, or rPRL-induced activation of mPRLR (Table 2, 
Figure 3, Figure S5). These functional data were consistent 
with the above binding data and demonstrated that PL 
200,031 and PL 200,039 selectively bind and inhibit hPRL 
response without altering responses to other known hPRLR 
agonists. Further, these results confirm that PL 200,031 and PL 
200,039 cross-react with non-human primate but not rodent 
PRL, which is critical for selection of the relevant species for 
pharmacology, safety, and toxicology studies.

The epitope bound by humanized PRL mAbs was determined 
using crosslinking and mass spectrometry (data not shown). 
While the determined epitope region does not overlap with key 
receptor-binding residues, it is sufficiently close in proximity that 
binding of an antibody would likely prevent binding to the 
receptor. Overall, our initial data suggest that PRL mAbs inhibit 
hPRL by sterically impeding its binding to hPRLR.

Fc domain-mediated functions of PL 200,031 and PL 
200,039

Engagement of fragment crystallizable (Fc) gamma receptors 
(FcγRs) by antibodies can initiate the Fc-mediated effector 
functions of antibody-dependent cellular cytotoxicity 
(ADCC) and antibody-dependent cellular phagocytosis 
(ADCP).55 To evaluate the ability of PRL mAbs to initiate 
effector functions, we assessed binding of PL 200,031 and PL 
200,039 to the primary activating FcγRs (FcγRI, FcγRIIA, and 

Table 1. Kinetic rate constants and equilibrium dissociation constants for the binding interactions of lactogenic hormones with PRL mAbs. If 
binding was not observed, rates are labeled as not detected (n.d.).

ID Class Antigen kon(M−1 · s−1) koff (s
−1) KD (pM)

PL 200,019 Murine IgG1 hPRL 8.2 × 105 8.1 × 10−5 99
PL 200,031 Humanized IgG1 hPRL 2.7 × 105 7.2 × 10−5 268
PL 200,039 Humanized IgG4 (S228P) hPRL 3.5 × 105 2.2 × 10−4 630

hGH n.d. n.d. n.d.
hPL n.d. n.d. n.d.

nhpPRL 5.4 × 105 3.1 × 10−4 570
rPRL n.d. n.d. n.d.

Table 2. Inhibition of PRLR signaling by PRL mAbs.

IC50 (nM)

ID Class hPRL hGH hPL nhpPRL rPRL

PL 200,019 Murine IgG1 2.7 >150 >2,600 3.2 >150
PL 200,031 Humanized IgG1 2.8 >150 >2,600 3.0 >150
PL 200,039 Humanized IgG4(S228P) 3.6 >150 >2,600 5.3 >150

Data are presented as geometric means of three independent experiments. IC50: half-maximal inhibitory concentration.

Figure 3. Selectivity and cross-reactivity of PL 200,039. (a) hPRLR-expressing CHOK1SV GS-KO cells were stimulated for 15 minutes at 37°C with constant 20 nM hPRL, 
20 nM hGH, or 350 nM hPL preincubated with varying concentrations (0–150 nM or 0–2.6 µM) of PL 200,039 for 30 minutes prior to stimulation. Data was compiled 
from three independent experiments and normalized to response of cells stimulated in the absence of antibody. Values represent mean ± SEM. (b) CHOK1SV GS-KO 
cells expressing hPRLR or mPRLR were stimulated as before with constant 20 nM nhpPRL or 20 nM rPRL, respectively, preincubated for 30 minutes with varying 
concentrations (0–150 nM) of PL 200,039 prior to stimulation. Data was compiled from two (rPRL) or three (nhpPRL) independent experiments and normalized to the 
response of cells stimulated in the absence of antibody. Values represent mean ± SEM.
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FcγRIIIA, with accompanying allotypes) by immunoassay 
(Supplementary Figure S6). As expected, IgG4 PL 200,039 per-
formed comparably to the IgG4 isotype control and demon-
strated a significant reduction in IC50 for allotypes of FcγRIIA 
and FcγRIIIA when compared to IgG1 PL 200,031, while 
retaining binding to FcγRI (Table 3).

Pharmacokinetic profile of PL 200,031 and PL 200,039

PL 200,031 and PL 200,039 pharmacokinetic (PK) profiles 
were evaluated in male FcRn-humanized mice (Tg32) after 
administration of a single dose (5 mg/kg) by intravenous (IV) 
route in the tail vein (5 mL/kg).56 Blood samples were collected 
at various time points over a 28-day period, processed to 
plasma, and analyzed by ELISA. PL 200,031 and PL 200,039 
had comparable PK profiles (Figure 4), with elimination half- 
life of 13.1 and 15.7 days, respectively.

Efficacy of a PRL mAb in stress-related pain in female mice

Previous studies have demonstrated that mPRL induces 
female-selective pain in mice.15,16,20–22,39,57 Specifically, we 
previously demonstrated that restraint stress (RS) induced an 
increase in circulating PRL that was associated with both 
periorbital and extracephalic (data not shown) allodynia in 
female wildtype mice.38 The D2 agonist cabergoline blocked 
RS-induced PRL release as well as periorbital and extracephalic 
(data not shown) allodynia, thus demonstrating involvement 
of pituitary mPRL in this model of female pain in wildtype 
mice.38

Wildtype mice, however, are not suitable to determine the 
efficacy of PRL mAb leads as they do not cross-react with 
mPRL. We thus established a new colony of a previously 
characterized PRL-humanized mouse that expresses hPRL 
instead of mPRL (B6.Cg-Prltm1Hmn Tg(PRL)30Greg/ 
Mmmh).58 Previous characterization of this PRL-humanized 
mouse indicated that hPRL expression and regulation as well 
as reproductive functions were comparable to wildtype mice.58 

This is in agreement with separate studies demonstrating that 
hPRL is a potent and full agonist at the mPRLR.58,59 Therefore, 
the PRL-humanized mouse is an appropriate model to study 
the efficacy of PRL mAbs in PRL-dependent pain models. To 
prevent the possibility of undesired immune responses and 
a short half-life, which are often observed when human 
mAbs are administered to mice, we elected to use PL 
200,019, the murine parent of the PRL mAbs.

We first confirmed that the PRL-humanized mouse strain 
(hPRL+/+, mRPL−/−) expresses hPRL and not mPRL 
(Figure 5a), using PRL ELISA kits that distinguish between 
hPRL and mPRL. We further confirmed that repeated 2-hour 
RS for three consecutive days induced hindpaw mechanical 
allodynia in female PRL-humanized mice (Figure 5b). 
Subcutaneous (SC) administration of PL 200,019 fully blocked 
stress-induced allodynia in female PRL-humanized mice 
(Figure 5b), thereby establishing proof-of-efficacy for PRL 
mAbs in an animal model of PRL-dependent female pain.

Discussion

Here we report the discovery, engineering, and characteriza-
tion of two first-in-class, humanized PRL mAbs, PL 200,031 
and PL 200,039. The former is a human IgG1 whereas the latter 
is a human IgG4. PL 200,031 and PL 200,039 have both sub- 
nanomolar affinity for hPRL and produce concentration- 
dependent and potent inhibition of hPRL activation of the 
hPRLR in vitro. PL 200,031 and PL 200,039 produced complete 
inhibition of the PRL response at a molar concentration 2-fold 
lower than PRL concentration (i.e., 1:2 molar ratio) (Figure 3), 
thus demonstrating that these PRL mAbs have already 
achieved the maximum possible PRL neutralization activity 
for this drug class in vitro. Most importantly, PL 200,031 and 
PL 200,039 are both highly selective for hPRL, as demonstrated 
by the lack of affinity and neutralizing activity against hGH or 
hPL, two related polypeptide hormones with agonist activity at 
hPRLR. PL 200,031 and PL 200,039 had similar PK profiles 
after a single IV administration in FcRn-humanized mice, 
achieving long elimination half-lives comparable to reference 
IgG1 and IgG4 therapeutic antibodies in the same FcRn- 

Table 3. Competitive binding of PRL mAbs to FcγRs by immunoassay.

IC50 (nM)

Antibody FcγRI FcγRIIAH131 FcγRIIAR131 FcγRIIIAF158 FcγRIIIAV158

PL 200,031 0.23 55 92 95 3.0
PL 200,039 0.96 >5,000 1,900 >5,000 3,800
hIgG1 Control 0.33 12 27 110 5.9
hIgG2 Control >5,000 23 >5,000 >5,000 >5,000
hIgG4 Control 2.0 270 230 >5,000 1,600

Data represents the mean of triplicate experiments. Half-maximal inhibitory concentration (IC50) values were calculated from 
the curves shown in Supplementary Figure S6.

Figure 4. Pharmacokinetic profile of PL 200,031 and PL 200,039 after single dose 
(5 mg/kg) IV administration in FcRn-humanized Tg32 mice. Data represents mean 
serum concentrations ± SD from each group (n = 3).
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humanized mouse model.56,60 It is unlikely that there will be 
differences in PK between sexes as the FcRn receptor, the 
primary factor regulating mAb PK, is identical in males and 
females. However, considering the targeted patient population, 
subsequent PK evaluations in non-human primates (NHPs) 
and humans will focus on female subjects.

As mAb PK data obtained in the FcRn-humanized mouse 
have demonstrated good predictivity and translatability to 
higher species, we project that PL 200,031 and PL 200,039 
will also achieve long half-lives in both NHPs and 
humans.61–63

We initially considered both IgG1 and IgG4 formats only to 
keep both options open from a safety perspective. PRL is 
a circulating hormone as opposed to a cell surface antigen 
and therefore, a priori, an unlikely substrate for cell- 
mediated Fc effector function (e.g., ADCC, ADCP) or CDC. 
Nevertheless, we pursued both isotype formats in parallel as we 
experimentally analyzed study results for any potential indica-
tion of indirect unwanted activity. Importantly, our data con-
firmed that once bound to a PRL mAb, PRL can no longer 
activate cell surface PRLRs as shown by loss of activity in 
functional assays, and also strongly supported that PRL can 
no longer bind cell surface PRLRs due to the mAb steric 
hindrance as shown in the epitope mapping study. As 
a result, PRL mAbs, or their immune complexes, are most 
unlikely to selectively bind either directly or indirectly target 
cells. For these reasons there is no imperative need to reduce 
Fc effector functions. Either an IgG1 and or IgG4 format could 
be equally considered acceptable, pending further 
investigation.

The high selectivity for hPRL, demonstrated by the lack of 
affinity and neutralizing activity against hGH or hPL, is a key 
feature that distinguishes PRL mAbs from previously devel-
oped PRLR mAbs, e.g., LFA102 and BAY 1,158,061.46,47 These 
two PRLR mAbs have different mechanisms of action (MOA) 
for inhibiting PRL signaling. LFA102 competitively inhibits 
binding of hPRL to hPRLR, while BAY 1,158,061 prevents 
hPRLR activation.46,47,64 Nonetheless, based on their MOA, 
these two PRLR mAbs are both likely to indiscriminately 

block hPRL, hGH and hPL responses at hPRLR, which may 
lead to unforeseen adverse effects. For instance, PRLR knock- 
out impedes adipose tissue formation in mice whereas PRL 
knock-out mice have an unaltered metabolic phenotype.65,66 

Unlike PRLR mAbs, PRL mAbs have the unique potential to 
selectively ablate PRL-dependent pathogenic processes with-
out impairing naturally-occurring physiological processes dri-
ven by other PRLR agonists.

Most importantly, we report for the first time that SC 
administration of a hPRL-neutralizing antibody (PL 200,019, 
i.e., the murine analog to PL 200,031 and PL 200,039) pre-
vented stress-induced pain in female PRL-humanized mice, 
supporting the development of this new drug class in PRL- 
dependent female pain conditions. These data are clinically 
relevant since stress-induced PRL release is observed both in 
humans and in animals, with a higher magnitude in females as 
compared to males.28,38 Elevated circulating PRL is associated 
with migraine in humans and periorbital allodynia (i.e., 
migraine-like pain) and extracephalic allodynia in female 
mice.31,38 Furthermore, treatment with D2 agonists inhibits 
hyperprolactinemia and associated migraine in humans31 and 
stress-induced PRL release and periorbital and extracephalic 
allodynia in female mice.38 Collectively, these data demon-
strate that dysregulation of pituitary PRL may contribute to 
female-selective migraine-like pain and possibly other female- 
prevalent or female-specific pain conditions, and that PRL 
mAbs are likely to be clinically effective in these PRL- 
dependent pain conditions. The strong correlation between 
animal models and clinical observations suggests a high like-
lihood of translatability and therapeutic success. In addition, 
extra-pituitary PRL has also been shown to be associated with 
female pain conditions, including postoperative pain and 
endometriosis pain.21,67 Ongoing studies are evaluating the 
efficacy of PRL mAbs in female pain models dependent on 
extra-pituitary PRL.

Additionally, considering that PRL is widely expressed and 
exerts pleiotropic functions, it is likely that PRL mAbs could 
also be useful in a broad range of indications beyond female 
pain.25,26 This includes clinically validated indications 

Figure 5. Treatment with PL 200,019 blocks stress-induced mechanical hypersensitivity in female PRL-humanized mice. (a) measurement of PRL in five female PRL- 
humanized mice using species-specific ELISA. Data presented as mean value for each animal and overall mean ± SEM. (b) stress-induced mechanical hypersensitivity 
measurement in female PRL-humanized mice treated with PL 200,019 (20 mg/kg) or vehicle (n = 5 per group). Baseline mechanical sensitivity (BL) was measured prior 
to two hours of restraint stress (RS) repeated for three consecutive days (marked by arrows). Data presented as mean ± SEM. *p < 0.05 (two-way ANOVA).
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associated with hyperprolactinemia such as amenorrhea, oli-
gomenorrhea, and infertility in women, galactorrhea both in 
women and men, and impotence in men.68 In these indica-
tions, a PRL mAb would be expected to be safer and better 
tolerated than currently approved dopaminergic agonists such 
as cabergoline, which can cause uncontrolled hypertension, 
cardiac valvulopathy, and fibrosis, and have led the US Food 
and Drug Administration (FDA) to issue contraindications 
and warnings for this drug class.69 It is also reasonable to 
speculate that PRL mAbs could potentially be useful in other 
emerging and still untapped indications. For instance, PRL is 
elevated in systemic lupus erythematosus (SLE), with hyper-
prolactinemia reported in 15 to 30% of SLE patients. PRL has 
also been shown to aggravate disease activity in autoimmune 
diseases animal models.70 Further, a minority of SLE patients 
(5% to 6.7%) developed PRL autoantibodies, but there was no 
statistical relationship between anti-PRL autoantibodies and 
lupus activity, which is not surprising considering that these 
autoantibodies lack PRL neutralizing activity.70–72 Collectively, 
these data suggest that PRL mAbs could potentially be useful in 
autoimmune diseases and SLE, contingent to further valida-
tion of the MOA in relevant models.

Required safety and toxicology studies in relevant species 
(NHP) for the Investigational New Drug application (IND) 
will determine whether prolonged blockade of both pituitary 
and extra-pituitary PRL responses by a PRL mAb produces 
safety and/or toxicology concerns that might impact condi-
tions and/or duration of use in the clinic. These studies will 
determine whether PRL mAbs are suitable for chronic use or 
whether they should be restricted to short-term use, and 
whether they should be contraindicated in some circum-
stances. In the meantime, the FDA review of the safety and 
toxicology studies for the D2 agonist cabergoline provides 
useful insight regarding the potential impact of continuous 
blockage of pituitary PRL secretion.73 Cabergoline was 
approved for chronic use, without limitation, except for D2 
agonist class specific contraindications and warnings that will 
not apply to PRL mAbs.69

It should also be noted that the high protein concentration 
that could be achieved with both PL 200,031 and PL 200,039 
combined with the positive efficacy results obtained with mur-
ine mAb suggest that the humanized mAbs may have suitable 
attributes for development for SC delivery, an important factor 
in convenience and patient compliance.

In summary, PL 200,031 and PL 200,039 are both promising 
candidates for development, offering the desired PK and phar-
macodynamics profiles, adequate physicochemical properties, 
lack of development liabilities confirmed by multiple in silico 
methods, and high expression levels in relevant and predictive 
recombinant production systems for large scale manufacturing.

Materials and methods

Recombinant proteins

Recombinant human, cynomolgus monkey, and rat PRL were 
expressed in E. coli. Expression plasmids were generated by 
subcloning genes into pMAL-c6T vector (NEB, #N0378S) to 
generate N-terminal maltose-binding protein (MBP) fusion 

proteins. BL21(DE3) competent E. coli (Thermo Fisher, 
#EC0114) were transformed with final expression plasmids. 
Cultures were grown at room temperature in Luria-Bertani 
broth supplemented with 0.2% glucose and 100 µg/mL carbeni-
cillin before inducing with 0.3 mM isopropyl β- 
D-1-thiogalactopyranoside. Cells were harvested, lysed by soni-
cation, and extract was collected by centrifugation. Proteins 
tagged with MBP were purified from extract using a MBPTrap 
column (Cytiva, #28918778) and ÄKTA pure automated chro-
matography system. MBP-tagged PRL was eluted with 20 mM 
maltose. Fractions were pooled and 3 mM reduced glutathione 
and 0.3 mM oxidized glutathione were added to encourage 
disulfide bond formation. Folding was tracked using an 
Agilent 1100 analytical high performance liquid chromatogra-
phy (HPLC) system equipped with a MABPacTM reversed phase 
column (Thermo Fisher, #088644). Following folding, the MBP 
tag was cleaved from PRL by adding TEV protease (NEB, 
#P8112S) and incubating at 30°C for 5 hours. Cleavage effi-
ciency was tracked by HPLC. Untagged PRL was isolated by 
size exclusion chromatography (SEC) using a Superdex 200 
Increase 10/300 GL column (Cytiva, #28990946). Additionally, 
hPRL (R&D Systems, #682-PL-050), mPRL (R&D Systems, 
#1445-PL-050/CF), hGH (R&D Systems, #1067-SH-025/CF) 
and hPL (R&D Systems, #5757-PL-025/CF) were used for 
in vitro activity and kinetics assays.

PRLR cell line development

hPRLR (Origene, #RC209266) and mPRLR open reading 
frames were subcloned into a single gene GS expression vector 
(Lonza). CHOK1SV GS-KO cells stably expressing hPRLR 
(GenBank ID NM_000949) or mPRLR (GenBank ID 
NM_011169.5) were generated using Lonza’s GS Xceed 
Expression System.

Generation of PRL mAbs

Hybridoma culture supernatants prepared from mice immu-
nized with recombinant hPRL were screened for binding to 
hPRL by ELISA. Selected candidates were expanded for larger- 
scale antibody production.

ELISA binding assays

Wells of immunoassay plates were coated with target 
protein solutions in phosphate-buffered saline (PBS) at 
4°C overnight and blocked with 1% bovine serum albumin 
in PBS for one hour at 37°C. After washing with PBS 
supplemented with 0.05% Tween-20 (PBST), serial dilu-
tions of culture supernatant or purified antibody were 
added for one hour at 37°C. Unbound analyte was 
removed by washing three times with PBST. Antibodies 
bound to target protein were detected by incubating wells 
with goat anti-mouse or anti-human IgG horse radish 
peroxidase-conjugated antibodies (Abcam, #ab6789 and 
#ab97175, respectively) for one hour at 37°C. Excess 
detection antibody was removed by washing with PBST 
as before and peroxidase activity was measured using 
tetramethylbenzidine substrate (Thermo Fisher, #34021) 
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for 5–10 min before stopping by adding 2 M H2SO4 and 
reading absorbance at 450 nm using a TECAN SPARK 
multimode plate reader.

Humanization

PL 200,019 CDRs were grafted onto four different human 
variable heavy (VH) and four different human variable light 
(VL) region frameworks (i.e., a 4 × 4matrix). The four human 
VH framework germlines genes used were IGHV1–46, 
IGHV1–69, IGHV1–3, IGHV1–46 × 01/4 m) whereas the 
four human VL framework genes used were IGKV7–3, 
IGKV4–1, IGKV1–39, IGKV7–3 × 01/4 m). The VL and the 
VH domains were cloned in the expression vectors TGEX-LC- 
hK-Zeo and TGEX-HC-hG1-Zeo (Antibody Design Labs), 
respectively. Following transient transfection of all 16 HC 
and LC combinations into HEK 293 cells, supernatants were 
assayed for binding to hPRL by direct ELISA. Purified anti-
bodies were also screened for neutralization of hPRL activation 
of hPRLR by in vitro activity assay. Humanized antibodies with 
CDRs derived from the parental murine antibody, utilizing the 
IGHV1–3 or IGHV1–46 HC human framework and IGKV1– 
39 or IGKV4–1 human LC framework, were chosen for further 
development. cDNA sequences for the selected variable 
regions with IgG1 or IgG4 (with S228P hinge stability 
mutation)74,75 HC constant regions were cloned into GS 
expression vectors (Lonza).53,54 The S228P IgG4 mutation is 
effective to prevent undesirable Fab arm exchange with endo-
genous IgG4 in vivo and has previously been used successfully 
in approved IgG4 antibodies.76,77

Antibody expression and purification

Antibodies were expressed either transiently in HEK 293 cells 
after co-transfection of separate HC and LC expression vectors 
or were expressed stably in GS Xceed CHOK1SV GS-KO cells 
(Lonza) after transfection of a single vector that incorporated 
the DNA sequence of both the HC and LC. Media was har-
vested from 6-day transient HEK 293 cultures and 15-day 
CHOK1SV GS-KO fed-batch cultures, clarified by centrifuga-
tion and filtration, and purified by Protein A chromatography. 
Antibodies bound to Protein A resin were eluted using a low 
pH buffer and neutralized using 1 M Tris/HCl pH 9.0. The 
final purity of each batch was evaluated using analytical SEC 
and liquid chromatography-mass spectrometry (LCMS) ana-
lysis. Purified antibodies were stored in PBS, pH 7.4 at 4°C.

PRLR cell signaling transduction assay

Agonist-induced PRLR activity was monitored using the 
THUNDER Phospho-STAT5 (Y694/Y699) TR-FRET Cell 
Signaling Assay Kit (Bioauxilium, #KIT-STAT5P). In brief, 
CHOK1SV GS-KO-PRLR cells were plated at 100,000 cells 
per well in white, low-volume 384 well assay plates. The plated 
cells were then treated with agonist in triplicate. The assay 
plates were sealed with porous plate sealer and incubated for 
15 minutes at 37°C. Following incubation, cells were lysed by 
adding lysis buffer supplemented with phosphatase inhibitor 
cocktail (Bioauxilium) to each well, resealed and incubated for 

30 minutes at room temperature with gentle shaking. After 
lysis, detection antibodies (Bioauxilium) were added to each 
well. Assay plates were sealed and incubated at room tempera-
ture overnight while protected from light. Following incuba-
tion, TR-FRET signal was measured at 620 nm and 665 nm 
excitation using a TECAN SPARK multimode plate reader.

To screen antibodies for their ability to neutralize PRLR 
agonist activity, cells were treated with agonist in the presence 
or absence of antibody. Antibodies were pre-incubated with 
agonist for 30 minutes at room temperature. Cells were then 
treated with the antibody-PRL mixture in triplicate. hPRL, 
hGH, nhpPRL, and rPRL were added at a consistent 20 nM 
dose. For the initial screen, antibodies were added at 
a consistent 100 nM dose. Control antibodies included in the 
screen were A-7 (Santa Cruz Biotechnology, #sc -46,698), 6F11 
(QED Bioscience, #12205), and INN-hPRL-1 (Abcam, 
#ab11301). For concentration-response curves, the dose 
range of antibody was 0–150 nM. For hPL, agonist was added 
at a consistent 350 nM, and antibody dose range was 0–2.62  
µM. Culture medium alone was used as a no treatment control. 
The IC50 of each antibody for each agonist was estimated using 
the four-parameter logistic regression analysis of GraphPad 
Prism v9.4.1 (GraphPad Software, San Diego, CA).

Biolayer interferometry for kinetics

Binding kinetics between purified antibodies and various anti-
gens were evaluated by biolayer interferometry on the ForteBio 
Octet Red96. Purified antibody was immobilized onto 
ForteBio Anti-Human-Fc Capture biosensors (5 μg/mL), fol-
lowed by quenching of the biosensors with irrelevant human 
IgG (150 μg/mL). After a baseline step, real-time measurement 
of the association and dissociation of antigen was performed at 
three concentrations (100, 33, 11 nM or 45, 15, 5 nM). On rates 
(kon), off rates (koff), and the overall equilibrium dissociation 
constant (KD) for antibody binding to each concentration of 
antigen were calculated using the 1:1 model of ForteBio Data 
Analysis software. A 1:1 Global KD fit was also performed 
across multiple concentrations of each antigen.

FcγR binding immunoassays

FcγR binding of PRL mAbs or human IgG1 (Syd Labs Inc., 
#PA007125), IgG2 (Syd Labs Inc., #PA007127), and IgG4 
(S228P) (Syd Labs Inc., #PA007128) isotype controls were 
estimated using NanoBiT FcγR binding immunoassays 
(Promega) as described previously.78 Briefly, serial dilu-
tions of each antibody were co-incubated with recombi-
nant, biotin-labeled FcγRs (FcγRI, FcγRIIAH131, 
FcγRIIAR131, FcγRIIIAF158, FcγRIIIAV158) tagged with 
streptavidin-SmBiT partial luciferase enzyme in the pre-
sence of tracer IgG conjugated to the LgBiT partial lucifer-
ase enzyme for 30 minutes at room temperature in wells of 
white 384-well plates. In the absence of exogenous anti-
body competition, the interaction between the IgG-LgBiT 
and SmBiT-labeled FcγR facilitates the formation of 
a functional NanoBiT luciferase enzyme. After incubation, 
furimazine luciferase substrate (Promega) was added to each 
well, and the bioluminescence signal (RLU) was measured 
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after stabilizing for 3 minutes using a TECAN SPARK multi-
mode plate reader. RLU data was normalized by assigning the 
maximum RLU in the absence of competing antibody as 
100%, and the percentage decrease in signal in the presence 
of test antibody was calculated. The IC50 of each antibody for 
each FcγR immunoassay was estimated using the four- 
parameter logistic regression analysis of GraphPad Prism 
v9.4.1 (GraphPad Software, San Diego, CA).

Physicochemical profiling

Analytical chromatography
SEC analysis was performed on Agilent 1100 HPLC system 
equipped with an AdvanceBio SEC 300 Å column (Agilent, # 
PL1580–3301), 4.6 × 150 mm, 2.7 µm. An isocratic elution at 
0.3 mL/minute/30°C with 150 mM, pH 7.0 phosphate buffer 
was used. An Agilent AdvanceBio SEC 300 Å Protein Standard 
(Agilent, #5190–9417) was used as a reference.

Reverse phase chromatography (RPC) analysis was per-
formed on Agilent 1100 HPLC system equipped with 
a MAb Pac™ Reversed Phase column (Thermo Fisher, # 
088644), 3.0 × 100 mm, 4 µm. A gradient elution from 35% 
B to 50% B in 10 minutes at 0.7 mL/minute/80°C was 
used. Buffer A was 0.1% trifluoroacetic acid (TFA) and 
buffer B was 90% acetonitrile, 0.1% TFA.

Mass spectrometry
PRL mAb samples were analyzed in their intact or reduced 
form. The reduced samples were obtained by treating the 
intact samples with tris(2-carboxyethyl)phosphine for 
one hour at 57°C. An Agilent 6230 time-of-flight mass spectro-
meter with Jet Stream electrospray ionization source was used 
for LCMS analysis. The analyses were performed at UCSD 
Molecular Mass Spectrometry Facility.

Preliminary solubility determination
Approximately 25 mg of an antibody was buffer-exchanged to 
the 20 mM, pH 6.0 histidine buffer on Amicon Ultra − 2 mL, 
30K MWCO centrifugal filter units (Merck Millipore, 
#UFC203024). The spinning continued at 3,800 rpm until no 
further changes in volume were observed. The concentrated 
samples were diluted 50-fold and the concentrations were 
determined using a Nanodrop Lite spectrophotometer 
(Thermo Fisher Scientific).79

In silico characterization and developability assessment

Paired VL and VH sequences of PL 200,039 and comparative 
approved therapeutic antibodies were modeled using 
ABodyBuilder280 and submitted to Therapeutic Antibody 
Profiler81 for identification of potential liabilities and calcula-
tion of five developability parameters. Mean humanness of 
antibody VL and VH sequences was estimated using T20 
score analyzer.82 The theoretical isoelectric point of antibodies 
were calculated using the Henderson-Hasselbalch equation 
described by Kozlowski83 and pKa values published by 
Grimsley et al.84

Pharmacokinetic study in humanized mice

In a single-dose PK study, B6.Cg-Fcgrttm1Dcr Tg(FCGRT) 
32Dcr/DcrJ (Tg32, JAX #014565) mice (three male ani-
mals per group) received 5 mg/kg PL 200,031 or PL 
200,039 formulated in PBS pH 7.4 by IV administration. 
Blood samples were collected several times over a 28-day 
period. Samples were processed to plasma, diluted 1:10 in 
50% glycerol in PBS, and stored at −20°C until analysis. 
Antibody concentrations in serum were measured by 
ELISA. PK parameters were calculated using noncompart-
mental curve stripping methods of PK Solutions 2.0 
(Summit Research Services, Montrose, CO).

Validation of resuscitated PRL-humanized mice

Female PRL-humanized mice (B6.Cg-Prltm1Hmn Tg(PRL) 
30Greg/Mmmh) were anesthetized with isoflurane (2%) and 
whole blood was collected by cardiac puncture and coagulated 
at room temperature for one hour before isolating serum by 
centrifugation at 6,000 rcf, 10 min, 4°C. Serum samples were 
collected and stored at −80°C until use. Serum levels of PRL 
species were quantified using a mPRL or hPRL ELISA kit 
according to manufacturer’s instructions (Abcam, 
#ab100736; NovusBio, #NBP2–60128, respectively).

Hindpaw tactile allodynia assessment

Female PRL-humanized mice were treated with either PL 
200,019 (20 mg/kg, SC) or vehicle (PBS, 10 mL/kg, SC) 
on day 0, followed by 2-hour RS sessions repeated on three 
consecutive days (i.e., days 1, 2, 3). Hindpaw mechanical 
allodynia was assessed using von Frey filament before (base-
line, on day 1) and after the three RS sessions (i.e., days 3, 5, 
7, 10, 12 and 14). For RS sessions, animals were placed in 
individual plastic restrainers (Plas-labs Inc., #551-BSRR), 
the mouse tail pulled through the stopper at the end of the 
tube, and the stopper pushed tightly enough against the 
animals to limit movement without inhibiting respiration. 
Animals were observed continuously during stress expo-
sure. Hindpaw tactile allodynia was assessed as described 
previously,85 the mice were acclimated for two hours indi-
vidually in clear Plexiglas chambers (3 × 3 × 7inch) wrapped 
with black poster board on elevated wire-mesh platforms to 
allow access to the ventral surface of hindpaw. For response 
frequency measurement, a 1.0 g von Frey filament (Stoelting 
Co, #58011) was applied to the plantar surface of the hind-
paw repeatedly and the number of times the mouse with-
drew the paw was counted (10 trials at approximately 30  
second intervals). Hindpaw withdrawal and licking were 
counted as positive responses to hindpaw stimulation. 
Animals were randomized to either drug or vehicle treat-
ment. Investigators were blind to treatment. Five animals 
were used per group. Differences between drug- and vehi-
cle-treated animals were assessed by Two-Way ANOVA 
with Sidak’s test for multiple comparisons analysis using 
GraphPad Prism v9.4.1 (GraphPad Software, San 
Diego, CA).
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Use of laboratory animals

PK studies were conducted at The Jackson Laboratory (Bar 
Harbor, ME), in research facilities fully accredited by the 
Association for Assessment and Accreditation of Laboratory 
Animal Care. Re-establishment of the PRL-humanized mouse 
colony (B6.Cg-Prltm1Hmn Tg(PRL)30Greg/Mmmh)58 and pain 
studies in PRL-humanized mice were performed at the 
University of Arizona (Tucson, AZ). PK studies, reestablish-
ment of the PRL-humanized mouse colony and pain studies 
were approved by corresponding Institutional Animal Care 
and Use Committees.

Abbreviations

ADCC antibody-dependent cellular cytotoxicity
ADCP antibody-dependent cellular phagocytosis
CDR Complementarity-determining regions
D2 Dopaminergic type 2
DRG Dorsal root ganglia
EC50 Half-maximal effective concentration
ELISA Enzyme-linked immunosorbent assay
Fc Fragment crystallizable
FcγR Fragment crystallizable gamma receptor
FPS: Functional pain syndromes
GH Growth hormone
HC Heavy chain
Hgh Human growth hormone
hPL Human placental lactogen
HPLC High performance liquid chromatography
hPRL Human prolactin
hPRLR Human prolactin receptor
IC50 Half-maximal inhibitory concentration
IND Investigational New Drug application
IV Intravenous
KD equilibrium dissociation constant
koff Disassociation rate constant
kon Association rate constant
LC Light chain
LCMS Liquid chromatography mass spectrometry
mAb Monoclonal antibody
MBP Maltose binding protein
MOA Mechanism of action
mPRL Mouse prolactin
mPRLR Mouse prolactin receptor
nhpPRL Non-human primate prolactin
PBS Phosphate-buffered saline
PBST Phosphate-buffered saline with 0.05% Tween-20
PK Pharmacokinetic
PL Placental lactogen
PRL mAb Humanized prolactin neutralizing monoclonal 

antibody
PRL Prolactin
PRLR Prolactin receptor
RLU Relative bioluminescence signal
RP Reverse phase
rPRL Rat prolactin
RS Restraint stress
SC Subcutaneous

SEC Size exclusion chromatography
TFA Trifluoroacetic acid
TG Trigeminal ganglion
TR-FRET Time-resolved fluorescence energy transfer
VH Variable heavy
VL Variable light
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