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Figure S1. MALDI-TOF MS spectra of heroin vaccine bioconjugates. The Matrix-Assisted
Laser Desorption Ionization Time-of-Flight Mass Spectroscopy (MALDI-TOF MS) spectra of
unconjugated tetanus toxoid carrier protein (A; TT; top black panel), TT-3 (MorHap) (B; middle
blue panel) and TT-1 (6-AmHap) (C; bottom maroon panel) conjugates are shown. MALDI-TOF
MS was performed using the Axima MegaTOF™ instrument (Shimadzu Scientific Instruments,
Columbia, MD), as described before.' Briefly, TT and the TT-hapten conjugates generated
using 1:1600 ratio of TT to (SM-(PEG); linker were desalted using C4 ZipTip (Millipore), mixed
and spotted with sinapinic acid matrix (Sigma) and the mass spectra were acquired. The
instrument was calibrated using IgG (Sigma) as standard. The average of 500 mass profiles in the
linear mode were taken, smoothed using Gaussian method and mass assignments were done
using threshold apex peak detection.

For the unconjugated TT (A), various peaks corresponding to the TT light chain (55 kDa,
m/z), the doubly charged ion (77 kDa), the TT heavy chain (103 kDa), the TT monomer (major
peak; 154 kDa), TT heavy chain dimer (207 kDa) and the TT dimer (307 kDa, not shown) were
observed. Subsequent increases in mol. wt. were observed for all the TT forms in the TT-hapten
conjugates. The differences in mol. wt. of the major peak (~154 kDa) were used to calculate the

number of haptens attached to TT using the expression:
MasSTr-hapten conjugate = MASSTT carrier protein

Number of haptens =
MasSpapten-linker

Massyorgap-tinker ad MASSe_ ampap—iinker Were 682.27 and 725.31 g/mol respectively. Both
conjugates had similar high number of ~32-36 haptens attached per TT molecule in several
synthesis.
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Figure S2. Analysis of heroin vaccine bioconjugates by protein gel electrophoresis. Non-
reducing SDS PAGE (panel A) and Blue Native PAGE (panel B) gel analysis of unconjugated
TT, TT-1 (6-AmHap), and TT-3 (MorHap) conjugates is shown. The molecular weight marker
sizes (kDa) are indicated on the left, the various protein forms are indicated on the right and the
samples loaded in each lane are indicated on top of the gels. All reagents were purchased from
Life Technologies Corp., CA, USA and used as per the manufacturer’s instructions.

For SDS PAGE, 5 pg of proteins were run under non-reducing conditions on NuPAGE
Novex 4-12% Bis-Tris gels in MOPS running buffer (A). The reducing agent was omitted to
avoid the thiol exchange of the thioether bond between the haptens and the maleimide end of the
SM-(PEQG), linker. The gels were stained with the Imperial™ coomassie dye R-250 based protein
stain (Cat # 24615). The Spectra™ multicolor high range protein ladder (Cat # 26625) was used
as the marker. For unconjugated TT, the major band for the TT monomer (~150 kDa), the TT
dimer (~300 kDa) and faint amounts of the TT heavy (~100 kDa) and light (~50 kDa) chains
were observed. All these forms showed slight increase in sizes in the TT conjugates. Both TT-1
and TT-3 conjugates had similar sizes indicating similar hapten loading and none of them had
high molecular weight protein aggregates.

For native PAGE, 5 pg of the same samples were mixed with the NativePAGE™ sample
buffer and run on NativePAGE 4-16% Bis-Tris gels in NativePAGE running buffer that contains
Coomassie G-250 as a charge-shift molecule in the cathode buffer instead of SDS (B). The
NativeMark™ unstained protein standard (Cat # LC0725) was used as the marker. The dimeric
and monomeric forms were observed for TT and the TT conjugates. Blue Native PAGE analysis
confirmed the absence of protein aggregates in any sample, which is required for an ideal
vaccine candidate.
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Fig S3. Study design for testing of TT-1 and TT-3 heroin vaccines in mice. Vaccine
administration (V1-V3), bleeding, subcutaneous (SC) and intravenous (IV) heroin challenges are
indicated by arrows. Groups of 10 mice each were intramuscularly (IM) immunized at weeks 0,
3, and 6 with either TT-1 + ALF or TT-3 + ALF. All mice were bled prior to each vaccination
and 2 weeks (week 8) before heroin challenge. At week 10, mice were challenged with SC
heroin (1 mg/kg). The mice were immunized at week 14 and then re-challenged with IV heroin
at weeks 16 and 17. The vaccine efficacy upon heroin challenge was monitored by the tail flick
and locomotion assays. At week 20, the mice were euthanized and the blood was collected by
cardiac puncture.
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Figure S4. Anti-TT serum IgG levels at week 8 in mice and rats. Both TT-1 and TT-3
generated similar anti-TT levels in mice (A, p=ns). The anti-TT levels in TT-1 vaccinated rats
(B) were ~40-fold higher than in mice probably due to 10-fold higher doses of antigen and
MPLA used and were maintained at similar levels at week 14 (data not shown). Both mouse and
rat secondary antibodies bound well to the mouse anti-tetanus toxoid (TT) monoclonal antibody
[HYB-278-01] (AbCam, Cat. No. ab26247) (C) that was used as standard curve for
quantification of serum TT carrier protein specific IgG levels in mice (A) and rats (B) as
described previously.”
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Figure S5. Study design for testing of TT-1 heroin vaccines in rats. Vaccine administration
(V1-V3), bleeding, subcutaneous (SC) and intravenous (IV) heroin challenges are indicated by
arrows. Eight rats were intramuscularly (IM) immunized at weeks 0, 3, and 6 with TT-1 + ALF.
All rats were bled prior to each vaccination and 2 weeks (week 8) before heroin challenge. At
week 10, rats were challenged with SC heroin (1 mg/kg). The rats were immunized at week 14
and then re-challenged with IV and SC heroin at weeks 16 and 17, respectively. The vaccine
efficacy upon heroin challenge was monitored by the tail immersion assay and thermal place
preference test (TPPT). At week 27, the rats were euthanized and the blood was collected by
cardiac puncture.
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Figure S6. Structures of the drugs, which were used in the competition ELISA.
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Figure S7. Competitive inhibition in ELISA for the binding of mouse 1 and 3 induced
antibodies by heroin and its metabolites. Normalized competition ELISA curves showing
Mean = SEM of triplicate determinations from pooled and individual mice sera from week 8 are
shown. ICs values were calculated and are shown in supplemental Table S1 on page S32. TT-1
generated antibodies with significantly higher affinities for heroin and its active metabolites than

TT-3.
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Figure S8. Competitive inhibition in ELISA for the binding of mouse 1 and 3 induced
antibodies by drugs used for opioid abuse therapy. Normalized competition ELISA curves
showing Mean + SEM of triplicate determinations from pooled and individual mice sera from
week 8 are shown. ICsy for all drugs was >1000 for all samples indicating no binding of the
hapten antibodies to these drugs. Hence, immunization with these heroin vaccines would not
interfere with the pharmacotherapy of patients undergoing treatment for heroin addiction. This is
an essential requirement for any potential heroin vaccine.
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Figure S9. Competitive inhibition in ELISA for the binding of mouse 1 and 3 induced
antibodies by other abused prescription opioid drugs. Normalized competition ELISA curves
showing Mean + SEM of triplicate determinations from pooled and individual mice sera from
week 8 are shown. ICs values were calculated and are shown in supplemental Table S1 on page
S32. Unlike 3, 1 induced antibodies cross-reacted with several other abused opioids, indicating
its potential as a broad opioid vaccine.
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Figure S10. Competitive inhibition in ELISA for the binding of mouse 1 and 3 induced
antibodies by non-narcotic analgesics. Normalized competition ELISA curves showing Mean
+ SEM of triplicate determinations from pooled and individual mice sera from week 8 are
shown. ICsy for all drugs was >1000 for all samples indicating no binding of the hapten
antibodies to these drugs. Hence, these drugs could be used in the immunized individuals for
routine pain management.
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Figure S11. Competitive inhibition in ELISA for the binding of 1 and 3 induced antibodies
by endogenous opioid peptides. Normalized competition ELISA curves showing Mean + SEM
of triplicate determinations from pooled mice sera from week 8 are shown. ICs( for both peptides
was >1000 for both groups indicating no binding of the hapten antibodies to these peptides.
Hence, the vaccine would not block the effects of these endogenous opioid neuropeptides, which
is an essential requirement for any potential heroin vaccine.
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Figure S12. Competitive inhibition in ELISA for the binding of rat 1 induced antibodies by
heroin and its metabolites. Normalized competition ELISA curves showing Mean = SEM of
triplicate determinations from pooled and individual rat sera from week 8 are shown. ICs, values
were calculated and are shown in supplemental Table S2 on page S33. TT-1 with ALF as
adjuvant generated antibodies with high affinities for heroin and its active metabolites in rats as
well.
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Figure S13. Competitive inhibition in ELISA for the binding of rat 1 induced antibodies by
other abused prescription opioid drugs. Normalized competition ELISA curves showing Mean
+ SEM of triplicate determinations from pooled and individual rat sera from week 8 are shown.
ICsy values were calculated and are shown in supplemental Table S2 on page S33. As seen for
mice, rat 1 induced antibodies also cross-reacted with several other abused opioids, reconfirming
their potential as a broad opioid vaccine.
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Figure S14. Competitive inhibition in ELISA for the binding of rat 1 induced antibodies by
drugs used for opioid abuse therapy. Normalized competition ELISA curves showing Mean +
SEM of triplicate determinations from pooled and individual rat sera from week 8 are shown. As
seen for mice, the ICs, for all drugs was >1000 for all rat samples as well. This reconfirmed that
the 1 induced antibodies would not bind and interfere with these drugs used for drug addiction

therapy.
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Figure S15. Competitive inhibition in ELISA for the binding of rat 1 induced antibodies by
non-narcotic analgesics. Normalized competition ELISA curves showing Mean + SEM of
triplicate determinations from pooled and individual rat sera from week 8 are shown. As seen for
mice, the ICs for all these drugs was >1000 for all rat samples as well. This reconfirmed that the
1 induced antibodies would not bind these drugs and they could be effectively used in TT-1
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immunized individuals for routine pain management.
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Figure S16. Competitive inhibition in ELISA for the binding of rat 1 induced antibodies by
endogenous opioid peptides. Normalized competition ELISA curves showing Mean + SEM of
triplicate determinations from pooled rat sera from week 8 are shown. As seen for mice, the ICs
for both peptides was >1000 for rat sera as well indicating no binding of the 1 induced antibodies
to these peptides. This reconfirmed that the vaccine would not block the effects of these
endogenous opioid neuropeptides in immunized individual
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Figure S17. Facial recognition of 1 (6-AmHap) and 3 (MorHap). Because of conjugation to
TT, the freedom of motion of the hapten is restricted. Consequently, the structure of the hapten
structure bifurcates into two immunologically defined “faces”. The “front face” constitutes the
functional groups that are exposed to the immune system and the “back face” is the sterically
blocked moieties near the conjugation site.* The gray arcs indicate the hypothetical front face of
1 and 3 (Top). The space-filling models (ChemBio3D Ultra) show the minimized energy
configuration of the haptens (Bottom).
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Figure S18. Comparison of anti-morphine ELISA standard curves using different haptens
and secondary antibodies. ELISA Standard curves were run and compared using BSA-1 or
BSA-3 conjugates as the coating antigen with mouse anti-morphine monoclonal antibody (mAb)
[BDI263] (Abcam, Cambridge, MA; Cat. No. ab21143) as primary antibody followed by
peroxidase linked mouse or rat secondary antibodies (sAb) using ELISA methods as described
below. The nonlinear regression curve fit of 3 with mouse sAb and of 1 with mouse or rat sAb
were similar (p>0.05) in the linear range (OD 0.2 to 3.2). This allowed for the quantification and
mutual comparison of the hapten-specific serum IgG levels for both haptens in mice and rats
using the same anti-morphine mAb as shown in Figure 4 and Figure 7.

Binding ELISA was performed as described before.""? The BSA-1 or BSA-3 conjugates
for ELISA were prepared using a low BSA to SM(PEG); linker ratio of 1:10 for conjugation
which gave low hapten density of ~4 to 5 haptens attached per BSA molecule as measured by
MALDI-TOF MS. Low hapten density BSA-hapten conjugates were used for ELISA as they
gave lower steric hindrance and optimal antibody binding as reported before . The BSA-1 or
BSA-3 conjugate or TT (0.1 pug/0.1 ml/well in PBS) were added to the Nunc MaxiSorp”™ flat-
bottom ELISA plates and incubated at 4 °C overnight. The plates were blocked with 1% BSA in
TBS (20 mM Tris, 154 mM sodium chloride) for mouse samples or with 0.5% milk, 0.1%
Tween-20 in PBS for rat samples at pH 7.4 for 2 h. The blocker was removed and sera, serially
diluted in the appropriate blocker in triplicates, were added to the plates. Following incubation
for 1 h at room temperature, the plates were washed with TBS, 0.1% Tween-20. Peroxidase
linked sheep anti-mouse IgG (The Binding Site, San Diego, CA) or goat anti-rat IgG (Bethyl
Laboratories, Inc., Montgomery, TX) diluted in blocker was added and the plates were incubated
for 1 h at room temperature. The plates were washed and ABTS substrate (KPL, Inc.,
Gaithersburg, MD) was added. After 1 h incubation at room temperature, color development was
stopped by adding 100 pl/well of 1% SDS and the absorbance was read at 405 nm. Serum IgG
concentrations were quantified for both mouse and rat samples using corresponding standard
curves of murine anti-morphine mAb BDI263 for both haptens as shown above and mouse anti-
TT mAb HYB-278-01 (AbCam) for TT (Figure S4).
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Table S1. Affinity of 1 and 3 induced antibodies (ICso; pM) for individual mice measured using competition ELISA*

Heroin and its metabolites Other abused prescription opioid drugs
° v =
= @ = = o ) @ —_ @
Mice | Miee | & o £ o, o £ ¢ 5 £ £ & : § % T i £
Grow | m | £ ¥ =& & ¥ 5% § g & & ‘& § & £ 5 £
= © S = = g S > = E S S 5y g8 g < =
= s © S = % = 2 = = = & Z
Z == o > -
=
P;’:rlzd >1000 41.64 2.87 >1000  312.50 18.37 >1000  >1000  >1000 66.26 13.54 3.42 >1000  >1000  >1000  >1000  >1000
251 >1000 16440  28.05  >1000  242.10 14.98 >1000  >1000  >1000 69.70 10050  3.52 >1000  >1000  >1000  >1000  >1000
= 252 >1000 12450  29.87  >1000  190.70 13.98 >1000  >1000  >1000  167.80 40.46 7.16 >1000  >1000  >1000  >1000  >1000
- 253 33240 14.26 3.89 >1000  184.20 9.09 >1000  >1000  >1000 35.22 27.58 0.50 >1000  >1000  >1000  >1000  >1000
f 254 >1000 14320 3172 >1000  804.60 3326 | >1000  >1000  >1000  127.30 10130  4.58 >1000  >1000  >1000  >1000  >1000
o 255 >1000 12470  37.65  >1000  968.50 27.55 >1000  >1000  >1000  290.30 2374 5140  >1000  >1000  >1000  >1000  >1000
- 256 >1000  153.10  50.63  >1000  222.50 24.89 >1000  >1000  >1000  129.80 2223 4.46 >1000  >1000  >1000  >1000  901.80
= 257 >1000 55.53 6.42 >1000  349.70 21.84 | >1000  >1000  >1000  103.40  207.70  12.04  >1000  >1000  >1000  >1000  >1000
258 >1000 7722 21.00  >1000  >1000 2326 | >1000  >1000  >1000  102.10 20.57 10.60  >1000  >1000  >1000  >1000  >1000
259 >1000 97.63 2070 >1000  322.20 1844 | >1000  >1000  >1000  44.48 37.83 130 >1000  >1000  >1000  >1000  >1000
260 >1000 89.24 1334 >1000 41450 9.60 >1000  >1000  >1000 33.58 15.40 138 >1000  >1000  >1000  >1000  >1000
P;’:rlzd 1.58 1.86 0.71 2.89 1.04 111.20 6.56 496.00 0.88 81.88 0.95 284 26880  >1000  >1000  >1000  >1000
311 1.91 7.35 3.21 0.39 0.69 73.84 3.04 416.40 1.96 108.90 2.72 070 26500  >1000  >1000  >1000  >1000
312 2.61 7.00 7.62 6.85 534 196.40 1030  824.10 5.60 213.80 2.99 6.88 >1000  >1000  >1000  >1000  >1000
E 313 1.07 2.00 1.09 2.53 1.44 39.82 0.34 134.40 1.60 75.55 2.60 0.87 191.00  >1000  >1000  >1000  >1000
f 314 3.62 5.47 2.50 6.74 2.97 133.50 1.58 618.10 6.91 54.57 5.00 236 75.87  >1000  >1000  >1000  >1000
— 315 0.60 1.98 2.93 10.01 5.93 267.80 1236 986.20 18.04 34920 10.25 8.83 >1000  >1000  >1000  >1000  >1000
; 316 1.02 439 1.80 13.48 2.94 107.90 3.32 647.10 5.75 84.48 3.40 2.59 55370  >1000  887.10  >1000  >1000
317 0.50 338 2.40 48.50 23.99 99.09 3.12 560.20 2.68 104.80 3.02 138 26420  >1000  >1000  >1000  >1000
318 0.42 1.33 0.64 29.25 19.36 60.94 0.59 273.90 2.60 74.86 1.68 3.51 41690  >1000  >1000  >1000  >1000
319 0.49 2.77 0.65 43.32 114.20 62.28 2.76 410.90 3.39 69.13 2.87 6.10 33540  >1000  >1000  >1000  >1000
320 0.42 1.56 0.72 118.70 72.90 82.75 0.56 474.60 2.03 119.60 1.40 0.67  469.80  >1000  >1000  >1000  >1000

* Values denote ICs, for the indicated drugs (uM) measured from triplicate measurements using competition ELISA from pooled and
individual mice sera from each group (n=10). ICsy was defined as the drug concentration that produced 50% inhibition of maximal antibody
and hapten binding as calculated from normalized competition curves using log(inhibitor) vs. normalized response-variable slope
regression. The Mean + SEM of ICs values for all drugs from each mice group are shown in Table 2.
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Table S2. Affinity of 1 induced antibodies (ICso; pM) for individual rats measured using competition ELISA*

Heroin and its metabolites Other abused prescription opioid drugs
© =
-] %] p—

= w = £ = = w —_ o
) — (=] - = = - o — =
= = ) g e = S = = =
Rat | Rat |\ = o =2 p v = | £ § T & £ £ I e 5§ =
Growp | ID | £ < & % 3 s | 2 S g 3 2 E 5 g £ 5 z
= ¢ S = = £ 2 > = £ S S = g g < =
= 5 © 8 S > 5 2 2 & = 2 =
z = 3 > A z

=

Pooled

sera 2.64 236 1144 16.41 71.15  226.70 | 12.78  56.08 10.12 136.80 2585  36.12 >1000  >1000 >1000 >1000 >1000

475 1.14 091 7.16 7.21 1423 45740 | 2.01 2532 4.57 23.36 6.97 6.92 >1000  >1