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W) Check for updates

Effectiveness of mMRNA-1273 against SARS-CoV-2
Omicron and Delta variants

Hung Fu Tseng ©®'2%, Bradley K. Ackerson’, Yi Luo®?, Lina S. Sy®", Carla A. Talarico?, Yun Tian',
Katia J. Bruxvoort?, Julia E. Tubert!, Ana Florea’, Jennifer H. Ku', Gina S. Lee®?, Soon Kyu Choi’,
Harpreet S. Takhar'!, Michael Aragones' and Lei Qian'

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) Omicron (B.1.1.529) variant is highly transmissible with
potential immune escape. We conducted a test-negative case-control study to evaluate mRNA-1273 vaccine effective-
ness (VE) against infection and hospitalization with Omicron or Delta. The large, diverse study population included 26,683
SARS-CoV-2 test-positive cases with variants determined by S gene target failure status (16% Delta and 84% Omicron). The
two-dose VE against Omicron infection at 14-90 days was 44.0% (95% confidence interval, 35.1-51.6%) but declined quickly.
The three-dose VE was 93.7% (92.2-94.9%) and 86.0% (78.1-91.1%) against Delta infection and 71.6% (69.7-73.4%) and
47.4% (40.5-53.5%) against Omicron infection at 14-60 days and >60 days, respectively. The three-dose VE was 29.4%
(0.3-50.0%) against Omicron infection in immunocompromised individuals. The three-dose VE against hospitalization with
Delta or Omicron was >99% across the entire study population. Our findings demonstrate high, durable three-dose VE against
Delta infection but lower effectiveness against Omicron infection, particularly among immunocompromised people. However,

three-dose VE of mRNA-1273 was high against hospitalization with Delta and Omicron variants.

December 2021 contains multiple novel spike protein muta-

tions, raising concerns about escape from naturally acquired
or vaccine-elicited immunity’. Several in vitro studies reported
reduced vaccine-induced neutralization activity against Omicron®’.
Specifically, sera from individuals vaccinated with two doses of
mRNA Coronavirus Disease 2019 (COVID-19) vaccines, including
mRNA-1273 (Moderna), showed substantial reductions in neutral-
ization activity against Omicron compared to wild-type SARS-CoV-2
(refs. >**). However, an mRNA-1273 booster increased neutralization
activity against Omicron, albeit lower than wild-type**. We previ-
ously reported high and durable VE of mRNA-1273 against infec-
tion and hospitalization from COVID-19 caused by other emerging
SARS-CoV-2 variants, including Delta (B.1.617.2)°. Although limited
data are available on real-world VE of mRNA-1273 against Omicron,
an analysis of a US pharmacy-based testing program found that the
likelihood of vaccination with three mRNA-1273 vaccine doses (ver-
sus unvaccinated) was significantly lower among Omicron symptom-
atic infections (odds ratio (OR)=0.31) than SARS-CoV-2-negative
controls’. Another US study during an Omicron-predominant
period found that receipt of a third mRNA vaccine dose was 90%
effective in preventing COVID-19-associated hospitalization®.

As the Omicron BA.1 sub-lineage has a deletion at positions
69-70, initial Omicron-positive specimens exhibit S gene tar-
get failure (SGTF). To provide timely results for these analyses,
we used SGTF as a marker for Omicron in specimens collected
during December 2021. The US Food and Drug Administration
(FDA) and World Health Organization advised that SGTF from
select COVID-19 RT-PCR assays, including the Thermo Fisher
TagPath COVID-19 Combo Kits, can be used as a screening method
for Omicron;”"” SGTF has served as a proxy in the United Kingdom

| he SARS-CoV-2 Omicron (B.1.1.529) variant that emerged in

for identifying Omicron'""”. In Southern California, where Delta

was the dominant strain before Omicron" and the proportion of
SGTF among SARS-CoV-2-positive specimens increased from
1.2% to 94.1% from 6 December 2021 to 31 December 2021, SGTF
can be used as a proxy for Omicron sub-lineage BA.1, whereas posi-
tive specimens negative for SGTF can be considered Delta. Using
electronic health records (EHRs) from the Kaiser Permanente
Southern California (KPSC) healthcare system in the United States,
we conducted a test-negative case—control study to evaluate the
VE of mRNA-1273 against infection and hospitalization with
Omicron and Delta.

Results
The study included 26,683 cases with SGTF status available. Based
on whole-genome sequencing (WGS) results received for a subset
of 1,383 positive specimens, we confirmed that all 704 cases exhibit-
ing SGTF were Omicron (100%), and 673 of the 679 SGTF-negative
cases were Delta (99.1%), with a kappa of 0.991. The sensitivity and
specificity of SGTF in predicting Omicron was 99.2% and 100%,
respectively. Of the 26,683 cases, 11,483 (43.0%) individuals were
unvaccinated (2,883 Delta and 8,600 Omicron), and 15,200 (57.0%)
individuals were vaccinated with mRNA-1273 (1,431 Delta and
13,769 Omicron; 416 vaccinated with one dose, 12,029 vaccinated
with two doses and 2,755 vaccinated with three doses). The flow
chart depicting the selection steps is provided (Fig. 1). The distri-
bution of covariates by test outcomes, separated by variant type,
is summarized in Table 1 (two-dose and three-dose analyses) and
Supplementary Table 1 (one-dose analysis).

Omicron cases more frequently had a history of COVID-19
(SARS-CoV-2 infection) than Delta cases. In the two-dose and
three-dose analyses, 13.6% and 15.4% of Omicron cases in the
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Tested for SARS-CoV-2 during 12/6/2021-12/31/2021
n of tests = 464,612

y

Tested for SARS-CoV-2 with SGTF data during 12/6/2021-12/31/2021
n= 440,443
Positive = 73,189  Negative only = 367,254

v

No history of COVID-19 diagnosis code or positive SARS-CoV-2 tests
in 90 days prior to the SARS-CoV-2 test date
n= 436,493
Positive = 71,873 Negative = 364,620

l

Had KPSC membership for >365 days prior to index date
(specimen collection date for the SARS-CoV-2 test)
n= 384,563
Positive = 63,264 Negative = 321,299

!

Aged 18 years and older at index date
n=312,820
Positive = 52,482 Negative = 260,338

l

Exclude receipt of mMRNA-1273 vaccine <14 days prior to index date (11,376)
Exclude receipt of 2 doses of mMRNA-1273 vaccine <24 days apart (513)
Exclude receipt of 3 doses of MRNA-1273 vaccine <24 days apart (75)
Exclude receipt of more than 3 doses of mMRNA-1273 vaccine (300)
Exclude receipt of a COVID-19 vaccine other than mRNA-1273 vaccine (142,787)
n=157,769
Positive = 26,692 Negative = 131,077

!

Keep the first eligible positive SARS-CoV-2 test for cases
and the first eligible negative SARS-CoV-2 test for controls
n of individuals = 136,345
Cases = 26,683 (1-dose: 416, 2-dose: 12,029, 3-dose: 2,755, unvaccinated: 11,483)
Controls = 109,662 (1-dose: 1,476, 2-dose: 41,620, 3-dose: 35,025, unvaccinated: 31,541)

|
v v v

1-dose analysis matching
(includes 1-dose and
unvaccinated individuals)
Cases = 11,899
Controls = 33,017

2-dose analysis matching
(includes 2-dose and
unvaccinated individuals)
Cases = 23,512
Controls = 73,161

3-dose analysis matching
(includes 3-dose and
unvaccinated individuals)
Cases = 14,238
Controls = 66,566

l

l

l

1:2 matched on
age group, sex, race/ethnicity
and specimen collection date

Cases = 11,889
Controls = 23,778
Total 35,667 cases and controls
for 1-dose variant analysis

1:2 matched on
age group, sex, race/ethnicity
and specimen collection date

Cases = 23,512
Controls = 47,024
Total 70,536 cases and controls
for 2-dose variant analysis

1:2 matched on
age group, sex, race/ethnicity
and specimen collection date

Cases = 14,238
Controls = 28,476
Total 42,714 cases and controls
for 3-dose variant analysis

Fig. 1| Flowchart of selection of cases and controls. Steps for selection of 26,683 cases and 109,662 controls by inclusion and exclusion criteria and

subsequent matching in one-dose, two-dose and three-dose analyses.

two-dose and three-dose analyses, respectively, had a history of
COVID-19 (SARS-CoV-2 infection) versus 2.5% and 3.0% of Delta
cases (Table 1).

Table 2 shows VE against Delta and Omicron infection or hos-
pitalization. Overall, the one-dose VE was 56.7% (95% confidence

1064

interval (CI), 40.7-68.4%) and 20.4% (9.5-30.0%) against Delta and
Omicron infection, respectively.

In analyses of two-dose VE against Delta infection by time
since receipt of dose 2, VE at 14-90 days was 80.2% (68.2-87.7%)
and subsequently declined, with VE of 68.9% (60.1-75.8%) at

NATURE MEDICINE | VOL 28 | MAY 2022 | 1063-1071 | www.nature.com/naturemedicine


http://www.nature.com/naturemedicine

ARTICLES

L
=
=
(a]
L
=
1T}
o
=
<
Z

panuiuo)
(%L9L) vLO'LL  (%0'L8) ¥80'6 (%9LL) 6897 (%8'18) LLY'T (%S'6L) 958'0E  (%EEY) 6¥L9L (%8'9L) LTE'9 (%£°08) ¥ZE'E 0
(%) u
zro /100> zr0 /100> LI'0 /100> zro /100> 294025 A}1pigiowod uosjiey)
(%96) ¥SL'C (%STL) 86€E'L (%S°0L) G€9 (%L'SD) vLY (%¥'0L) 220y (%9°TL) LT (%S°0L) £98 (%EYL) 065 umoudun
(%E91) 859'€ (%L YL LY (%L'LL) EEO°L (%6'91) 0LS (%S'S) 8L0'9  (%07L) 60L'C (%ELL) STY'L (%E9L) 2L9 SIA
(%L'vL) 2299l (%6TL)TLL'8 (%YL VLEY  (%1'L9) LEO'T (%L'7L) 0SL'8T  (%V'EL) 6ETYL (%TTL) TY6'S (%E'69) S58'C ON
0L0 /100> 910 /10'0> 80'0 /100> zro /100> (%) U ‘g3UBows
(%TT) TELT (%S°'SL) 8ELL (%L'€EL) 68L (%£'81) 599 (%0°€EL) LS0'S  (%L'SL) SVO'E (%C€L) €80'L (%S CeL umoudun
(%C€)SLL (%SO LLT (%60 €LL (%C0) L9 (%C'€) SST'L (%L'€) L09 (%C€) S9¢ (%972) 90L Sv<
(%87) 990'L (%EY) LLY (%L'Y) 8¥7C (%6°€) LLL (%LY) VES'L (%LY) V16 (%LY) L8E (%L't) 891 Sv>-0v
(%S'0L) 0SE'T (%¥'6) ¥SO'L (%L'6) 985 (%L'0L) ¥OE (%70 6l07  (%0°0L) 8E6'L (%¥°0L) 098 (%0°0L) Ll or>-GE
(%T6L) 90EY (%6'8L) ¥Zl'T (%l'6l) ZsL'L (%8'6L) 665 (%9'6L)909L  (%C'6L) EEL'E (%6'6L) SE9'L (%¥'02) 8€8 §€>-0€
(%912) 9819 (%LL2) 90L'E (%LL2D) SL9'L (%0'90) ¥8L (%l'L2) €101 (%S'92) O€L'S (%€'£2) 0SC'T (%8'92) ZOL'L 0€>-5¢
(%S'L2) 6287 (%9°00) CIET (%¥'CT) SSEL (%8'8L) £99 (%8'02)9L0'8  (%6'6L) VS8'E (%E00) TL9'L (%L'8L) L §¢>-98L
(%l'1) 0S¢ (%) 6CL (%L1 ¥9 (%9°0) 8L (%L'L) 0Ly (%6'0) 08L (%0'L) 28 (%9°0) 9¢ §'8L>
L0 /100> 810 /100> 800 /100> ¥1'0 /100> (%) U ‘x3pul ssew Apog
(%61 08L'L (%62) 068 (%0°8) 987 (%0°8) EvT (%9'8) Tze's (%9'8) 199'L (%L'L) 0€9 (%LL) SLE umouyun/ey1o
(%T'L) 8L9'L (%C'L) 608 (%0) 0¥ (%0t) 0Tl (%62) 080°€ (%62) OVS'L (%¥'¥) 09€ (%¥'7) 08L uelsy djuedsiH-UoN
(%L'S¥) vST'oL (%L'SY) L2l'S (%ETY) 8SS'T  (%ETY) 6LT'L (%6'8Y) ¥96'8L  (%6'8Y) 81’6 (%0'7¥) ¥29'E (%0'7Y) 2L8'L dluedsiy
(%E°0L) TOE'T (%E0L) LSL'L (%C9) TLE (%C°9) 98L (%0'6) 00S'€ (%0°6) 0SL'L (%L'9) 0Ly (%L9) S€C de|g dluedsiH-UoN
(%6'82) 087'9  (%6'87) OVC'E (%S'6€) 98€'C (%S'6€) €6L'L (%9'S0) ¥26'6  (%9'ST) T96'Y (%€°8€) 0SL'E (%E'8E) SLS'L YA dluedsiH-UoN
V/N V/N V/N V/N (%) U ‘Ayp1uyye/aoey
(RVEV) VYL'6  (%VEV) TL8'Y (%TLY) ¥S8'T  (%TLY) LTVl (%9TY) TVSoL  (%9TY) LLT'8 (%09%) 98L'E (%09%) €68'L 3w
(%9'99) 069'2L  (%9'99) S¥E'Q (%82S) 88l'E  (%8'C9) ¥65'L (%Y'LS) 8¥CT'c  (%Y'LS) Vel'lL (%0'7S) 8Y7'y (%07S) vez'e dewa4
V/N V/N V/N V/N (%) U 'x3S
(%C0) 961 (%C0) 8¥7C (%61 CLL (%6'L) 99 (%L viy (%L'L) LOT (%6'L) 9SL (%6'L) 8L VA
(%C'9) Z8E'L (%T9) 169 (%6'9) ¥SE (%6'9) LLL (%¥'€) YOE'L (%t'€) 259 (%6'S) ¥8Y (%6'9) TVT ¥/-59
(%ELD) YEL'Y (%E'LT) L90'E (%60€) 998'L (%6'0€) €€6 (%S'80) 80l (%S'87) 61S'S (%S'T€) 8L9'C (%S°TE) 6E€E'L 79-S¥
(%EV9) TTr'yL (%EV9) LLT'L (%¥'19) OLL'E  (%1'19) SS8'L (%L29) ¥EO'9T  (%LZ£9) LIO'EL (%L65) 96 (%L6S) 8SY'T -8l
V/N v/N v/N Y/N (%) U ‘sieaA ‘a1ep uo1129||0d uswidads je a8y
€0L ‘8L 66 '8l 86 ‘8L 06 ‘8L LOL ‘8L €6 8L 168l 768l Xew ‘Ul
zs'0€ 1S ‘62 €5 2€ zs'le 0S ‘6T 61 '8C €S'lE €5'1E €010
6€ 8¢ oy oY 8¢ LE (014 s uelpa\y
(SI'SL) S9'Ly (80'SL) 9O (8SvL) 87y L9y 181y (6'EL) 89'6€ (LL€EL) OL'6E L9y 09°Cy Wov) LETY ('p's) uesy
L0'0 /100> S0'0/%00 700 /100> 200/ 6€£0 S1e3A ‘9)ep U01323]|0d UBWIDAdS Je a3y
vev'zz=u LIT'IL=uU ro'o=u Lzo's=u 06L'8E=U S6€'6L=U vez's=u LI'y=u
SjoJjuod sased S]oJjuod sased S]oJju0d sased S]oJjuod sased
asv/enjead aAnes3au 3s9) aAljsod}sa]  QSy/anjead aAne3au 3s9) aAsodisal  @sv/enjead aAnes3su 1s9 aAIusod 3sa] @Sv/anjead aAnesdsu 3s9) aAnysod 3s9)
uonIWQ eyaq uonIWwQ eypq
asop-aa4y | asop-om|

juelieA Aq S|043U0d pue S3sed Z-A0)-SYVYS 0 solisuadeIey) | L 3jqer

1065

NATURE MEDICINE | VOL 28 | MAY 2022 | 1063-1071 | www.nature.com/naturemedicine


http://www.nature.com/naturemedicine

w
Z
=
[a]
[TT]
=
w
o
=
<
4

ARTICLES

panupuo)
L0'0 /100> (%L'81) 2907 (%Y'SDLELL  SS0/100>  (%6'6L) 00ZL (%0€)Z6  8L0/L00> (%E0T)998L  (%IEL) 6€9'C LSO /100> (%6'6L) LEI'L (%S0 €0L (%) U561-AIAOD Jo AloisiH
or 0L 70l Gt 0€L L 8L 8¢ Je)sawly pig
67L 08 LS (014 80¢€ €EL 19 [44 Ja)sawily puz
8L o a8 ol SLL 89 6C (014 Je)sawiliy is|
(%) u 's3ep
L0°0 /100> (%l'€) 169 (%02 ¥Zz 800 /100> (%L°€) £8L (%61)85 60°0/100> (%L'E) €leL (%8'L) EYE 800 /100> (%0°€) ¥¥C (%L1) 0L U01393]|02 UaWIP3dS je Jueusald
88 €g S¢ € 86 @s (k4 G snsojewsyihus sndn| olwasAs
Ve 6l 6 S LS €¢ 38 L SIsoJajos ajdnny
L6l IZA S 14 (74 6cL 95 LE  Shype dijeliosd pue siseliosd
LSL €9 Zs Ll 90C LL 4] 44 aseas|p [amoq Alojewiwejju|
8¢ ooL LL 6l 0s€e Sl L0L 6C Silye projewnayy
700 /100> (%6'7) 659 (%€ €5C S00/200 (%0°€) €8L (%C7)99 €00/100> (%TO) L8 (%8'L) 1SE €00/8L0 (%L0) 12T (%ED) V6 (%) U '2SUORIPUOD BUNWIWIIOINY
suoljedlpaw
099 €Ll 83l 6C 9€L [4¥4 891 8€ juessauddnsounwiw|
jueidsuely
uedio/uoljejue|dsuely
8 6C S¢ 14 SL Sl [44 9 192 Wa1s dyalodojewsy
elus|dsodAy/elus|dse
‘SaldUBIdIBpOUNLLILLI
J2Y30 pue |e}1usduod
114 6 8 Ll Sce coL 98 8¢ ‘ewioydwi|/eiwana
66 LE 8¢ C 8 LE LT € SAIV/AIH
L0'0 /100> (%L€) TE8 (%Y viz  SLO/100> (%l'Y) S¥T (%S’ 9y L0'0 /100> (%8'2) 890'L (%L1)2eE 0L0 /100> (%C€) £9T (%9'L) L9 (%) U ‘pasiwoidwiodounwiu|
800 /100> (%9'6) 2SL'T (%¥L)1€8  LO0 /100> (%1'8) ¢6¥ (%€9)06L SO0/100> (%0'8) ZLl'E (%89)8LEL  90°0/100> (%C6) 19L (%S'L) OLE s9leqeld
S0'0 /100> (%E'€) 0EL (%Y LLT 500/ %00 (%T€) g6l (%' vL ¥00/100> (%0°€) 19L'L (%¥' ) 197 900 /100> (%8°€) LLE (%LD) LLL 9SEaS|P J9AIT
80'0 /100> (%T'6) €S0'C (%69 vLL LO0 /100> (%8'8) 0£S (%8'9)50Z  L0'0 /100> (%1'8) 8¥1'E (%E€9) L1Z'L  LO0 /100> (%L8) ELL (%6'9) 8¢ aseasip 3un
700 /100> (%L'1) 98¢ (%CLOoYL  SO00/+00 (%00 6LL (%YL L00/100> (%9°D) 219 (%80)09L  LO0/100> (%C2) 08L (%€’ TS 9seas|p pesyH
S0'0 /100> (%L €19 (%0'0) LZZ  LO'0 /100> (%6°0) SLL (%61)9S 600 /100> (%l'2) €28 (%L'1)S0C 800/ 100> (%l'€) 25T (%6'1) 8L aseasip Asupiy
(%) U 'eS95B8SIP 21U0IYD)
(%L'97) 686'S (%9'12) €2¥'T (%L'£2) 9€9'L (%8'02) 629 (%9°90) LIEOL  (%8'LT) €Ty (%01£2) STT'T (%0°LZ) 998 (ltesj 3sow) ¢ 3|114end
(%612) ¥85'S (%T'S2) LE8'T (%¥'ST) LES'L (%EVD) SEL (%0°S0) 00£'6  (%S'ST) TS6'Y (%T'ST) LLO'T (%970) ¥10°L € 3|11end
(%6'€D) LLE'S (%8'82) VET'E (%S'€D) 8LY'L (%0'LE) 5€6 (%9€D) 8SL'6  (%C'LT) ¥8T'S (%Y'¥2) €10°C (%€E'08) 67C'L Z3|1end
(%S12) 061'S (%EVT) 62LT (%012) LSY'L (%6'€0) 2L (%8172)Sl9'6  (%1'ST) 926’y (%¥'€2) ST6'L (%072) 886 L 8|l1end
¥1'0 /100> 610 /100> 20 /100> LU0 /100> (%) U ‘xapul Ayjieid
(%¥'0L) LEE'T (%81) 6/8 (%E0L) 729 (%lL) €lT (%L1'8) SEL'E (%S9 vL0'L (%0'LL) 906 (%9L) €lE <
(%S'ED) €20'E (%1 ¥ST'L (%L LEL (%L LEE (%2l 66L'7 (%T'LL) TLL'T (%z'2l) LOO'L (%L1L) 08Y L
vev'ez=u LIZ'IL=u ro'o=u Lzo's=u 06L'8E=U S6€'6L=U vez's=u LIy =u
S|043u0d sased S|043u0d sased $]043u0d sased S]043u0d sased
asv/anjead aAnesau 3s9) aAljIsodisa] @Sv/enjend  aAnesSsu}sa) anlsodisa]  @svy/enjeAad QAle3au 3s9) aAlpsodisa]  @sv/enjead QAesau 3s9) aAysod 3s9)
uonIwQ ejeg uonIWwQ ejeqg
asop-2aly] asop-om]

(Panuijuo)) juelieA Aq S|0J3u0d pue sased Z-A0)-SYVYS 4O solsualdeey) | | 3jqeL

NATURE MEDICINE | VOL 28 | MAY 2022 | 1063-1071 | www.nature.com/naturemedicine


http://www.nature.com/naturemedicine

ARTICLES

L
=
=
(a]
L
=
1T}
o
=
<
Z

"a|qeay|dde Jou y7/N ‘@2uaiayyip pazipiepue)s a3njosqe ‘gSY ‘Seale Jajuad [BIPALU 6| Y} SSOIDE S|eNPIAIPUI PIJRUIDIBAUN PUE PAJEUIDIA BY) JO UONNG

p

U} Ul S9OUDJSJJIP 9J9M 2J8Y | 'UMOYS JOU S| BAJE J9)USD [EDIP3JA 91BP UOIJD3[|02 UsWIads 0} 0Z0Z Y2JB|Al | W) SPI0dal [e2Ipalu 3[qe|IRAR || JO SISeq 8y} U0 paulja(, 91ep UOID9[|02 UsWwidads 210)aq Sieak Z 8y} Ul paulja(, 918 UOI309||03 Uswidads 910J9q Jeak | 8y} Ul paulade.

(%6'12) LL6'Y (%S 0L (%L'€E) 000'C (%LEL) VLY (%l6L) LY.L (%S'LL) €E€2°C (%ELT) ¥¥T'T (%6'LL) 06177 enljes
gems
(%L'8L) €2SLL  (%818)€LS'6 (%6'99) TV0'y  (%E'98) L09'C (%608) 6LE'lE  (%S'88) TOLLL (%L'TL) 066'S (%1'88) L29'c  |eaBukieydoioy/|eaduhieydoseN
LU0 /100> L0 /100> 1Z°0 /100> 6£0 /100> (%) u ‘adAy uswidads
500 /100> (%T'9)9LLL (%EP) 08y  LZ0 /100> (%2'6) 835 (%82)S8  20'0/¥00 (%S'7) 6SLL (%Z1)908  6L0/100> (%¥'L) 609 (%L€) 62l (%) u'sahojdwa/ueidisAyd DS
(%L0) 1z (%C0) LL (%L0) ¥ (%l'0) ¢ (%L0) Ly (%L'0) 8L (%L0) 8 (%L0) € umouxun
(%009 LLZ'LL  (%Z'08) 9€9'S (%0C9) LL'E  (%ETS) 645 (%S'81) LI8'8L  (%E'6Y) €956 (%L'09) €CL'y (%9'19) 9zl'e +000'08%
(%9'ST) OvL'S (%L'92) LE6'T (%S'72) €8Y'L (%022) L18 (%9'ST) 8¥6'6  (%5'92) OVL'S (%8'S2) Llel'e (%9'97) L60'L 666'6.$-000'09%
(%961) Z6€'Y (%¥'6L) GLL'T (%¥6L) LLLL (%¥9L) V6 (%802) 280’8 (%6'6L) 998'E (%C6L) 08S'L (%ELL) TLL 666'65$-000'07$
(%8'%) 0L0'L (%L1) 85Y (%0) EvT (%EP) 621 (%6'7) 206'L (%CPY) 2I8 (%67) 20V (%EY) 641 000'07$>
#0'0 /€00 600 /100> G500 /100> 900 /500 (%) U ‘aWwodU! p|oyasnoy uelpaw pooyIoqysiaN
00/ €50  (%80L)Ser'e (%9°0L) £8l'L  ZO'0/€EE0 (%96) L8 (%E0L 0LE 900 /100> (%S'LL) 197y (%8'6) L68'L €00/6L0 (%E0L) v¥78 (%S'6) L6E (%) U ‘p1edlpay
TT0/100>  (%T'S9) LI9TL (%SPS) VIO ST0/L00> (%909) 099  (%0'8%) 0S¥'L 600 /L00> (%T09)CSEET (%SSS) ELLOL  ELO/LO0>  (%9'6S) 6067 (%L'€S) 98L'T (%) U ":21e2 dAIjUBASIY
(%l'1) 2Se (%S'0) 85 (%S'1) 26 (%8'0) S¢ (%C'L) 651 (%S'0) 06 (%S'L) 9zL (%8'0) ¢€ 43
(%S'7) S00'L (%L€) 9Ly (%9%) 08¢ (%L'P) €Tl (%¥'¥) LOL'L (%T€) 0E9 (%0°S) Ly (%6'€) 7oL L
(%V'v6) LLULT  (%8'S6) EVL'OL (%8'€6) 0L9'S  (%L'G6) €£8'C (%V'76) ¥Z9'9€  (%E'96) SL9'8L (%S'€6) L69'L (%€'S6) €26'E 0
(%) u
800 /100> L0'0 /100 0L0 /100> 600 /100> ‘.suoljezijeyidsoy Jo Jaquinn
(%2'9) 66€'L (%V'1) 687 (%LS) LVE (%L'Y) Gzl (%¥'9) vL¥'T (%6€) Lyl (%6'9) L9 (%CP) LLL &3
(%6'CL) E06'C (%C'TL) 99€'L (%S'EL) L18 (%S0L) olE (%LEL) 990'S  (%L'1L) 0LZ'C (%8'EL) 6EL'L (%80L) €V L
(%808) ZEL'8L  (%S'€E8) 29E'6 (%L08) 8.8V (%1'S8) 085'C (%9'08) 0SC'LE  (%P'¥8) 8LESL (%E'6L) 8259 (%1'S8) €0S'E 0
onv u \mmtw_> «:wE«\_mn_mU
60'0 /100> €10 /100> €10 /100> oL0 /100> Aouagiawa Jo JaquinN
(%8'8€) 969'8 (%17'82) L8L'E (%S'LE) S9T'T (%LET) 9L (%9VE) ZZVeEL  (%L'9T) 9LLS (%6'9€) ZTV0'E (%L'S2) LSO'L 1<
(%9'82) 0CV'9  (%E'LT) 090'E (%¥'L2) 959'L (%CVT) LEL (%L62) 625'LL  (%S'0E) SL6'S (%C62) LOV'T (%6'92) 60L'L ol-S
(%C'97) ¥88'S (%9€EE) VLL'E (%0712) 0€9'L (%LLE) Lel'L (%T60) 6ZELL (%P ¥E) 0899 (%012) 022’ (%C'SE) 0S'L -1
(%¥'9) vEV'L (%£0L) 20T'L (%L'8) L6V (%0'SL) €57 (%5'9) 0lS'T (%V'8) 729'L (%6'9) LLS (%C'l) L0S 0
L2°0 /100> 8€'0 /100> 610 /100> LE0 /100> (%) U ":SYSIA [ENLIIA puE Jusi3edino Jo JaquinN
(%) U159}
S00 /100>  (%E'SL) 7689l (%LEL) 6618  VEO/LO0> (%86L) VT8V  (%L¥9) ¥S6'L 900 /100> (%9¥L) 0S6'8C (%T'TL) ¥66'EL 820 /100>  (%¥'8L) 9S¥'9 (%1'99) Z2L'T  “e|ndsjow Z-A\0D-SYVS Jo AoisiH
vev'ez=u L1Z'IL=u Zvo'o=u Lzo's=u 06.L'8E=U g6€'6L=U vee's=u LI'y=u
S|o4juod sased S|o4juod sased S|043uod sosed S|043uod sosed
asv/enjead aAesau 3s9) aAlusod 3sa] @Sv/anjead aAje3au 359 anlpsod 3sa] @Sv/anjead aA1e3su 3s9) aAlusod 3sa] @Sv/anjeAd aA1e3au 3s9) aAlsod 3s9)
uoIwQO ejeqg uonIwQO ejeqg
9sop-2a4y | 9SOp-0M|

(pPanuijuo)) juelieA Aq S|043u0d pue sased Z-A0)-SYVYS 0 solIsuadeIey) | | 3jqer

1067

NATURE MEDICINE | VOL 28 | MAY 2022 | 1063-1071 | www.nature.com/naturemedicine


http://www.nature.com/naturemedicine

ARTICLES NATURE MEDICINE

Table 2 | VE of mMRNA-1273 against infection and hospitalization with Delta or Omicron variants

SARS-CoV-2 test positive SARS-CoV-2 test negative VE (95% CI)?
Variant Vaccinated Unvaccinated Vaccinated Unvaccinated  Unadjusted Adjusted
(%) (%) (%) (%)
Infection®*

One-dose Delta 59 (2.0%) 2,883 (98.0%) 218 (3.7%) 5,666 (96.3%) 47.0% (29.0%, 60.4%)  56.7% (40.7%, 68.4%)
Omicron 357 (4.0%) 8,590 (96.0%) 843 (4.7%) 17,051 (95.3%) 15.8% (4.5%, 25.8%) 20.4% (9.5%, 30.0%)

Two-dose Delta 1,234 (30.0%) 2,883 (70.0%) 4,031 (49.0%) 4,203 (51.0%) 57.0% (53.3%, 60.4%) 63.6% (59.9%, 66.9%)
14-90 days 21(0.7%) 2,883 (99.3%) 151 (3.5%) 4,203 (96.5%) 79.7% (67.9%, 87.2%) 80.2% (68.2%, 87.7%)
91-180 days 87 (2.9%) 2,883 (971%) 342 (7.5%) 4,203 (92.5%) 62.9% (52.9%, 70.8%) 68.9% (60.1%, 75.8%)
181-270 days 824 (22.2%) 2,883 (77.8%) 2,663 (38.8%) 4,203 (61.2%) 54.9% (50.6%, 58.8%) 63.7% (59.8%, 67.2%)
>270 days 302 (9.5%) 2,883 (90.5%) 875 (17.2%) 4,203 (82.8%) 49.7% (42.2%, 56.2%) 61.3% (55.0%, 66.7%)
Omicron 10,795 (55.7%) 8,600 (44.3%) 22,679 (58.5%) 16,111 (41.5%) 11.2% (8.0%, 14.3%) 13.9% (10.5%, 17.1%)
14-90 days 245 (2.8%) 8,600 (97.2%) 836 (4.9%) 16,111 (95.1%) 45.1% (36.5%, 52.5%) 44.0% (35.1%, 51.6%)
91-180 days 783 (8.3%) 8,600 (91.7%) 1,867 (10.4%) 16,111 (89.6%) 21.4% (14.3%, 28.0%) 23.5% (16.4%, 30.0%)
181-270 days 7,015 (44.9%) 8,600 (55.1%) 14,759 (47.8%) 16,111 (52.2%) 11.0% (7.5%, 14.3%) 13.8% (10.2%, 17.3%)
>270 days 2,752 (24.2%) 8,600 (75.8%) 5217 (24.5%) 16,111 (75.5%) 1.2% (—4.0%, 6.3%) 5.9% (0.4%, 11.0%)

Three-dose Delta 138 (4.6%) 2,883 (95.4%) 1,836 (30.4%) 4,206 (69.6%) 93.6% (92.0%, 95.0%)  94.5% (92.9%, 95.7%)
14-60 days 112 (3.7%) 2,883 (96.3%) 1,658 (28.3%) 4,206 (71.7%) 90.1% (88.0%, 91.9%) 93.7% (92.2%, 94.9%)
>60 days 26 (0.9%) 2,883 (99.1%) 178 (41%) 4,206 (95.9%) 78.7% (67.8%, 85.9%) 86.0% (78.1%, 91.1%)
Omicron 2,617 (23.3%) 8,600 (76.7%) 10,203 (45.5%) 12,231 (54.5%) 71.5% (69.7%, 731%) 70.0% (68.0%, 71.9%)
14-60 days 2,127 (19.8%) 8,600 (80.2%) 9,121 (42.7%) 12,231(57.3%) 66.8% (65.0%, 68.6%)  71.6% (69.7%, 73.4%)
>60 days 490 (5.4%) 8,600 (94.6%) 1,082 (8.1%) 12,231 (91.9%) 35.6% (28.1%, 42.3%) 47.4% (40.5%, 53.5%)

Three-dose Delta 124 (4.2%) 2,851(95.8%) 1,708 (29.5%) 4,089 (70.5%) 89.6% (87.4%, 91.4%) 93.7% (92.2%, 94.9%)

excluding 14-60 days 104 (3.5%) 2,851(965%) 1,580 (27.9%) 4,089 (72.1%) 90.6% (88.4%, 92.3%)  94.2% (92.7%, 95.3%)

'n:‘,;”ej”;:f,’ﬂt’? >60 days 20 (0.7%) 2,851(99.3%) 128 (3.0%) 4,089 (97.0%)  77.6% (64.0%,86.0%)  881% (80.2%, 92.9%)
Omicron 2,464 (22.5%) 8,479 (77.5%) 9,677 (44.8%) 11,925 (55.2%) 64.2% (62.3%, 66.0%)  70.5% (68.6%, 72.4%)
14-60 days 2,059 (19.5%) 8,479 (80.5%) 8,803 (42.5%) 11,925 (57.5%) 67.1% (65.2%, 68.9%) 721% (70.2%, 73.9%)
>60 days 405 (4.6%) 8,479 (95.4%) 874 (6.8%) 11,925 (93.2%) 34.8% (26.4%, 42.3%) 51.2% (44.2%, 57.3%)

Hospitalization®¢

One-dose Delta® 1(1.3%) 79 (98.8%) 10 (6.3%) 150 (93.8%) 82.2% (-31.4%, 97.8%)  71.2% (—68.7%, 97.4%)
Omicron 0 (0.0%) 14 (100.0%) 2 (71%) 26 (92.9%) 100.0% (N/A) N/A

Two-dose Delta® 4 (4.8%) 79 (95.2%) 94 (56.6%) 72 (43.4%) 95.9% (86.9%, 98.7%) 99.0% (93.3%, 99.9%)
Omicron' 7 (33.3%) 14 (66.7%) 28 (66.7%) 14 (33.3%) 811% (29.8%, 94.9%) 84.5% (23.0%, 96.9%)

Three-dose Delta® 1(1.3%) 79 (98.8%) 69 (43.1%) 91(56.9%) 98.3% (87.7%, 99.8%) 99.7% (96.5%, 100.0%)
Omicrong 4(22.2%) 14 (77.8%) 26 (72.2%) 10 (27.8%) 89.0% (58.5%, 97.1%) 99.2% (76.3%, 100.0%)

2When the OR or its 95% Cl was >1, the VE or its 95% Cl was transformed as —(1— [1/adjusted OR]) x 100 (ref. **). ®"Models for time since vaccination analyses and three-dose hospitalization analyses

are unconditional logistic models with adjustment for matching variables. “Model adjusted for core variables: history of SARS-CoV-2 molecular test; preventive care; number of outpatient and virtual visits;
Charlson comorbidity score; obesity (yes/no/unknown); frailty index; specimen type; immunocompromised status and history of COVID-19. “Model adjusted for core variables: history of SARS-CoV-2
molecular test; preventive care; Charlson comorbidity score; obesity (yes/no/unknown); immunocompromised status and history of COVID-19. (lmmunocompromised status was removed from the list of
core variables owing to lack of model convergence. ‘Obesity was removed from the list of core variables owing to lack of model convergence. #Obesity and history of COVID-19 were removed from the list of

core variables owing to lack of model convergence.

91-180 days, 63.7% (59.8-67.2%) at 181-270 days and 61.3%
(55.0-66.7%) at >270 days (Table 2 and Fig. 2). In comparison, the
two-dose VE against Omicron infection was 44.0% (35.1-51.6%) at
14-90 days and declined quickly to 23.5% (16.4-30.0%) at 91-180
days, 13.8% (10.2-17.3%) at 181-270 days and 5.9% (0.4-11.0%) at
>270 days. The three-dose VE against Delta infection was 93.7%
(92.2-94.9%) at 14-60 days and 86.0% (78.1-91.1%) at >60 days.
However, the three-dose VE against Omicron infection was 71.6%
(69.7-73.4%) at 14-60 days and 47.4% (40.5-53.5%) at >60 days.
These estimates were similar in analyses that excluded individuals
who were immunocompromised, except that the three-dose VE
against Omicron infection increased to 51.2% (44.2-57.3%) among
immunocompetent individuals at >60 days (Table 2 and Fig. 3).
The VE of two and three doses against hospitalization with Delta
were both >99%, whereas they were 84.5% (23.0-96.9%) and 99.2%
(76.3-100.0%), respectively, against hospitalization with Omicron
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(Table 2). Notably, all four individuals hospitalized with Omicron
despite receipt of three mRNA-1273 doses were older than 60 years of
age with chronic diseases, and one was also immunocompromised.

Table 3 presents the three-dose VE against infection by sub-
groups. The three-dose VE against Delta infection was more than
93% across age, sex and race/ethnicity groups but lower in the
immunocompromised population (70.6% (31.0-87.5%), P value
for interaction <0.001). The three-dose VE against Omicron
infection was 70.9% (68.9-72.9%) in those aged <65 years and
64.3% (55.0-71.7%) in those aged >65 years and only 29.4%
(0.3-50.0%) in the immunocompromised population compared to
70.5% (68.6-72.4%) in the immunocompetent population (P value
for interaction <0.001). The three-dose VE against Omicron infec-
tion among those who had no history of COVID-19 was 70.1%
(68.0-72.1%) in those aged <65 years and 64.5% (54.9-72.1%) in
those aged >65 years.
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Fig. 2 | VE of two doses of mMRNA-1273 against Omicron and Delta
variants by time since vaccination (n=70,536 individuals). Waning
effectiveness of two doses of MRNA-1273 vaccine against Omicron
infection (red line) and Delta infection (blue line) within 365 days after
receipt of second dose. Data are presented as VE +95% ClI.

Discussion
We evaluated the effectiveness of mRNA-1273 against the highly
mutated Omicron variant in a socio-demographically diverse
population in a real-world setting. Between 6 December 2021
and 31 December 2021, the rapidly increasing proportion of
Omicron-positive specimens indicated unprecedented transmissi-
bility and raised concerns over protection conferred by currently
authorized or licensed COVID-19 vaccines. Our study demonstrates
that, although VE of two doses of mRNA-1273 against Delta infec-
tion is high and wanes slowly, consistent with our previous find-
ings®", the two-dose VE against Omicron infection is inadequate,
providing only modest protection of 44.0% within 3 months of vac-
cination and diminishing quickly thereafter. In addition, although
the three-dose VE against Delta infection is high and durable, that
against Omicron is lower. Nevertheless, the average point estimate
(>50%) and lower bound of the 95% CI (>30%) still meet the US
FDA criteria for emergency use authorization for COVID-19 vac-
cines". Also, this level of VE is similar to the two-dose vaccine
efficacy against asymptomatic infection observed in the phase
3 clinical trial (63.0% (56.6-68.5%))'°. The VE of three doses of
mRNA-1273 against Omicron infection is poor among individu-
als who are immunocompromised. Although two-dose VE against
hospitalization with Omicron is lower compared to that with Delta,
three-dose VE is nearly 100% against hospitalization with either
variant. Although additional study is needed, these findings suggest
that third (booster) doses may be needed <6 months after dose 2 in
immunocompetent individuals and that three doses may be inad-
equate to protect against Omicron infection in individuals who are
immunocompromised. Furthermore, the data indicate a potential
need for periodic adjustment of vaccines to target circulating vari-
ants that have evolved to escape current vaccine-induced immunity.
Although there are limited prior data on VE of two or three
doses of mRNA-1273 vaccine against infection or hospitalization
with Omicron, a preliminary analysis from Denmark found an
initial VE of two doses of mRNA-1273 against Omicron infection
of 36.7% that waned quickly'’, which was similar to our findings.
An early report by Andrews et al.' found waning of two-dose pro-
tection with an initial VE of two doses of BNT162b2 against symp-
tomatic Omicron infection of 65.5% (63.9-67.0%) two to four weeks
after the second dose, dropping to 15.4% (14.2-16.6%) after 15 to
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Fig. 3 | VE of three doses of mMRNA-1273 against Omicron and Delta
variants by time since vaccination among immunocompetent population
(n=42,714 individuals). Effectiveness of three doses of mMRNA-1273
vaccine against Delta infection (blue line) and Omicron infection (red line),
comparing effectiveness by time since third dose (14-60 days or >60
days). Data are presented as VE+95% Cl.

19 weeks and further to 8.8% (7.0-10.5%) after 25 or more weeks.
After a BNT162b2 booster dose, the VE increased to 67.2%
(66.5-67.8%) from two to four weeks before declining to 45.7%
(44.7-46.7%) after 10 or more weeks. Collie et al.”” found that the
VE of two doses of BNT162b2 against hospitalization during a proxy
Omicron period was 70% at least 14 days after receipt of dose 2. In
England, after a primary course of BNT162b2 vaccine, VE against
Omicron infection was initially 70% after a BNT162b2 booster,
dropping to 45% after >10 weeks, but stayed around 70-75% for up
to 9 weeks after an mRNA-1273 booster'”.

A growing number of reports indicate that Omicron-associated
COVID-19 disease is less severe than Delta-associated COVID-19
disease, resulting in a lower risk of hospitalization"*. This might
reflect increased replication of Omicron in the upper versus lower
respiratory tract, which could also contribute to more efficient
transmission, resulting in increased absolute’’ numbers of hospital-
izations. Booster vaccination has the potential to decrease hospi-
tal burden and improve clinical outcomes™. Although the sample
size and follow-up period were not sufficient in our study or other
studies to assess potential waning VE against hospitalization with
Omicron, our results of waning VE against Omicron infection after
dose 3 of mRNA-1273 underscores the importance of monitoring
VE against hospitalization with Omicron infection.

This study was representative of a large and diverse racial, ethnic
and socioeconomic population in Southern California. It provides
data complementing recent reports of the effectiveness of other
COVID-19 vaccines against Omicron infection and has several
strengths and limitations'**. First, the results of our test-negative
case—control study may not be generalizable to people who are not
tested, including those with milder symptoms who might not pursue
testing. Although there is a variety of reasons for testing that could
introduce biases, we attempted to reduce these biases by account-
ing for sociodemographic characteristics, prior healthcare use,
SARS-CoV-2 testing and comorbidities in the models. Although
potential residual confounding or detection bias could remain, these
were not likely to affect the conclusions of the study. Although mis-
classification of disease status was a potential source of bias, we used
a highly specific and sensitive RT-PCR test that likely minimized
misclassification and enabled us to monitor variant proportions
through WGS and SGTF analysis. Similarly, misclassification of
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Table 3 | VE of three doses of mMRNA-1273 against infection with Delta or Omicron variants by subgroup

SARS-CoV-2 test positive

SARS-CoV-2 test negative

VE (95% CI)

Variant*® Vaccinated Unvaccinated  Vaccinated Unvaccinated Unadjusted Adjusted P value for
(%) (%) (%) (%) interaction
Delta
Age at specimen collection 0.3742
date
<65 94 (3.4%) 2,694 (96.6%) 1470 (26.4%) 4106 (73.6%)  93.3% (91.3%, 94.8%)  94.3% (92.5%, 95.7%)
>65 44 (18.9%) 189 (81.1%) 366 (78.5%) 100 (21.5%) 95.0% (91.1%, 97.1%) 96.0% (92.3%, 97.9%)
Sex 0.8922
Female 75 (4.7%) 1,519 (95.3%) 969 (30.4%) 2,219 (69.6%) 93.2% (90.7%, 95.0%)  94.4% (92.2%, 96.0%)
Male 63 (4.4%) 1,364 (95.6%) 867 (30.4%) 1,987 (69.6%) 94.2% (91.7%, 95.9%)  94.6% (92.0%, 96.3%)
Race/ethnicity 0.1993
Hispanic 39 (3.0%) 1,240 (97.0%) 577 (22.6%) 1,981(77.4%) 92.4% (88.7%, 94.8%)  93.1% (89.4%, 95.5%)
Non-Hispanic and others 99 (5.7%) 1,643 (94.3%) 1,259 (36.1%) 2,225 (63.9%)  94.2% (92.2%, 95.7%)  95.1% (93.2%, 96.4%)
Immunocompromised 0.0002
status
Yes¢ 14 (30.4%) 32 (69.6%) 128 (52.2%) 117 (47.8%) 60.0% (21.4%, 79.7%)  70.6% (31.0%, 87.5%)
No 124 (4.2%) 2,851(95.8%) 1,708 (29.5%) 4,089 (70.5%)  89.6% (87.4%, 91.4%)  93.7% (92.2%, 94.9%)
Omicron
Age at specimen collection 0.0969
date
<65 1,943 (18.9%) 8,335 (81.1%) 8,573 (41.7%) 11,983 (58.3%)  72.2% (70.4%,73.9%)  70.9% (68.9%, 72.9%)
>65 674 (71.8%) 265 (28.2%) 1,630 (86.8%) 248 (13.2%) 61.7% (53.2%, 68.6%)  64.3% (55.0%, 71.7%)
Sex 0.9159
Female 1,529 (24.1%) 4,816 (759%) 5862 (46.2%) 6,828 (53.8%) 70.4% (67.9%, 72.6%)  70.0% (67.4%, 72.4%)
Male 1,088 (22.3%) 3784 (777%) 4,341 (44.6%) 5,403 (55.4%) 72.9% (70.3%, 75.3%)  70.0% (66.6%, 72.9%)
Race/ethnicity 0.0866
Hispanic 970 (18.9%) 4,157 (81.1%) 3976 (38.8%) 6,278 (61.2%) 69.6% (66.7%, 72.2%)  68.0% (64.6%, 71.0%)
Non-Hispanic and others 1647 (27.0%) 4,443 (73.0%) 6,227 (51.1%) 5953 (489%)  72.8% (70.5%, 74.9%)  71.4% (68.8%, 73.8%)
Immunocompromised <.0001
status
Yes 153 (55.8%) 121 (44.2%) 526 (63.2%) 306 (36.8%) 26.4% (3.0%, 44.2%) 29.4% (0.3%, 50.0%)
No 2,464 (225%) 8479 (77.5%) 9,677 (44.8%) 11,925(55.2%) 64.2% (62.3%, 66.0%) 70.5% (68.6%, 72.4%)

2Models for immunocompromised status subgroup analyses are unconditional logistic models with adjustment for matching variables. ®"Model adjusted for core variables: history of SARS-CoV-2 molecular
test; preventive care; number of outpatient and virtual visits; Charlson comorbidity score; obesity (yes/no/unknown); frailty index; specimen type; immunocompromised status and history of COVID-19
“Number of outpatient and virtual visits was removed from the list of core variables owing to lack of model convergence.

vaccination status was possible but likely minimal and
non-differential with respect to COVID-19 disease status. KPSC
electronic vaccination records that captured all vaccine administra-
tions given at KPSC were updated daily with vaccine administration
data from the California Immunization Registry, to which all facili-
ties are required by law to report COVID-19 vaccine administra-
tions within 24 hours. Second, we considered all SGTF specimens
as Omicron, as our validation samples using WGS showed high
agreement. Our rate of SGTF closely mirrored regional trends in
Omicron emergence from the US Centers for Disease Control and
Prevention". Delta accounted for 99% of variants for 4 months before
the emergence of Omicron in Southern California in December
2021. Furthermore, during the study interval, Delta and Omicron
accounted for more than 99% of variants, and the BA.2 sub-lineage
of Omicron was not detected among any of the 1,383 specimens
sequenced in this study. Therefore, it is reasonable to posit that all
variants exhibiting SGTF were Omicron, whereas those without
SGTF were Delta during the study interval. Third, some individu-
als who were immunocompetent and who received a third dose
before the 21 October 2021 Advisory Committee on Immunization
Practices recommendation may have received a 100-pug dose rather
than a 50-pg booster dose of mRNA-1273. However, we were not
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able to clearly assess the difference, as dosage information was not
available from external vaccination records. Fourth, the number of
hospitalized individuals included was too small to draw definitive
conclusions regarding VE and durability of three doses in prevent-
ing hospitalization. Long-term follow-up is needed to evaluate the
durability of both 100-pg and 50-pg booster doses in preventing
infection and hospitalization. Fifth, we did not evaluate VE against
symptomatic or asymptomatic infection. However, we did find
higher VE against COVID-19 hospitalization. Aside from the saliva
tests that were collected only in asymptomatic individuals, informa-
tion on whether infections were symptomatic or asymptomatic was
not readily available. For future analyses, we plan to apply a natu-
ral language processing algorithm to clinical notes to differentiate
symptomatic from asymptomatic SARS-CoV-2 infections. Finally,
caution should be taken when interpreting waning VE over time, as
some Cls overlapped, and heterogenous composition of the vacci-
nated population over time could potentially contribute to varying
estimates. Among the populations first prioritized for vaccination,
the most clinically vulnerable individuals might have contributed
to overestimates in waning, although this effect may have been off-
set to some extent by healthcare workers who were also prioritized
for vaccine administration and who likely experienced less waning.

NATURE MEDICINE | VOL 28 | MAY 2022 | 1063-1071 | www.nature.com/naturemedicine


http://www.nature.com/naturemedicine

NATURE MEDICINE

ARTICLES

Furthermore, early vaccine adopters may have implemented risk-
avoidance behaviors that put them at a lower risk of infection.

This study of mRNA-1273 found waning two-dose but high
three-dose VE against Delta infection and lower two-dose and
three-dose VE against Omicron infection. The two-dose VE against
hospitalization with Omicron was lower than with Delta, but the
three-dose VE against hospitalization with either variant was high.
Protection against Omicron infection waned within 3 months
after dose 2, suggesting that a shorter interval between second
and booster doses could be beneficial. Lack of protection against
Omicron infection in the immunocompromised population under-
scores the importance of monitoring the effectiveness of the rec-
ommended fourth dose (booster) for this population. Continued
monitoring of VE against Omicron infection and hospitalization in
immunocompetent and immunocompromised individuals and sur-
veillance for the emergence of new SARS-CoV-2 variants are war-
ranted to inform future vaccination strategies.
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Methods

Study setting. KPSC is an integrated healthcare system that provides care to
more than 4.6 million socio-demographically diverse health plan members

at 15 hospitals and associated medical offices across Southern California.
Comprehensive EHRs used for this study included information on demographics,
immunizations, diagnoses, laboratory tests, procedures and pharmacy records.
KPSC began administering mRNA-1273 on 18 December 2020. External
COVID-19 vaccinations were imported into members’ EHRs daily from external
sources, including the California Immunization Registry, Care Everywhere (system
on the Epic EHR platform that allows healthcare systems to exchange members’
medical information), claims (for example, retail pharmacies) and self-report by
members (with valid documentation).

The study was approved by the KPSC institutional review board. All study
staff with access to protected health information were trained in procedures to
protect the confidentiality of KPSC member data. A waiver of informed consent
was obtained as this is an observational study of authorized and recommended
Moderna COVID-19 vaccine administered in the course of routine clinical care.
To facilitate the conduct of this study, a waiver was obtained for written Health
Insurance Portability and Accountability Act authorization for research involving
use of the EHR.

Laboratory methods. Molecular diagnostic testing for SARS-CoV-2 is available
to members who request it for any reason, before procedures and hospital
admissions, with and without symptoms. Specimens were primarily collected
using nasopharyngeal/oropharyngeal swabs (for symptomatic or asymptomatic
individuals) or saliva (for asymptomatic individuals). Specimens were tested
using RT-PCR TaqPath COVID-19 High-Throughput Combo Kit (Thermo
Fisher Scientific). SGTF was defined as an RT-PCR test in which N and ORFlab
genes were detected (cycle threashold values <37) but S gene was not detected.
Specimens with SGTF were considered to be Omicron, whereas positive specimens
without SGTF were considered to be Delta.

A random sample of SARS-CoV-2-positive specimens was sent for WGS.
Details are described in our previous publication'’. The SGTF data were compared
against WGS results to assess their validity in differentiating variants.

Study design. A test-negative case-control study design was used in which
individuals testing positive for SARS-CoV-2 were defined as cases and individuals
testing negative were defined as controls; this design is purported to reduce bias
associated with confounding by healthcare-seeking behavior and misclassification
of cases”. In this study, cases included individuals who tested positive by the
RT-PCR TaqPath COVID-19 kit, had specimens collected between 6 December
2021 and 31 December 2021, were aged >18 years and had >12 months of KPSC
membership before the specimen collection date (for accurate ascertainment
of exposure status and covariates). Individuals were excluded if they received a
COVID-19 vaccine other than mRNA-1273, any dose of mRNA-1273 <14 days
before the specimen collection date, two or three doses of mRNA-1273 <24 days
apart from previous dose or more than three doses of mRNA-1273 before the
specimen collection date. Additional exclusions included a positive SARS-CoV-2
test or COVID-19 diagnosis code <90 days before the specimen collection date.
COVID-19 hospitalization included hospitalization with a SARS-CoV-2-positive
test or hospitalization <7 days after a SARS-CoV-2-positive test. COVID-19
hospitalization was confirmed by manual chart review conducted by a physician
investigator (B.K.A.) to verify the presence of severe COVID-19 symptoms.
Controls included all individuals who tested negative with specimens
collected between 6 December 2021 and 31 December 2021, were aged >18 years
and had >12 months of KPSC membership before the specimen collection date.
Randomly sampled controls were 2:1 matched to cases by age (18-44 years,
45-64 years, 65-74 years and >75 years), sex, race/ethnicity (non-Hispanic White,
non-Hispanic Black, Hispanic, non-Hispanic Asian and Other/Unknown) and
specimen collection date. Matching was conducted separately for the one-, two-
and three-dose VE analysis. To accommodate variation in real-world practice,
analyses did not require dose 3 to be >6 months from dose 2, as some members
received dose 3 at a shorter interval in this study.

Exposure. The exposure of interest was one, two or three doses of mRNA-1273.
Dose 3 in this analysis included both the 100-pg additional primary dose in
individuals who were immunocompromised as well as the 50-pug and 100-ug
booster doses in adults.

Covariates. A comprehensive list of pre-specified potential confounders was
identified a priori based on the literature. Demographic and clinical covariates
were extracted from EHRs'. Variables assessed included socioeconomic status
(Medicaid and neighborhood median household income), medical center
area, pregnancy status, KPSC physician/employee status, smoking, body mass
index (BMI), Charlson comorbidity score, autoimmune conditions, chronic
diseases (kidney, heart, lung and liver disease and diabetes), frailty index and
immunocompromised status (HIV/AIDS, leukemia/lymphoma, congenital
and other immunodeficiencies, asplenia/hyposplenia, hematopoietic stem cell
and organ transplant and/or immunosuppressant medications). To account for

potential differences in care-seeking or test-seeking behaviors, the following
variables were also assessed: healthcare use (virtual, outpatient, emergency
department and inpatient encounters), preventive care (other vaccinations,
screenings and wellness visits), history of SARS-CoV-2 molecular test performed
from 1 March 2020 to specimen collection date (irrespective of result) and history
of COVID-19 (positive SARS-CoV-2 molecular test or a COVID-19 diagnosis
code) from 1 March 2020 to specimen collection date.

Statistical analyses. Characteristics of cases and controls for each analysis were
compared by using the ? test or Fisher exact test for categorical variables and
two-sample -test or Wilcoxon rank-sum test for continuous variables. Absolute
standardized difference was calculated to assess the balance of covariates. The
distribution of variant type by vaccination status was tabulated. Conditional
logistic regression was used to estimate the adjusted ORs and 95% ClIs for
vaccination against infection and hospitalization with Delta or Omicron. To
harmonize the covariates adjusted across different models so that estimates were
comparable, we selected two sets of core variables to be included in all models: one
set for infection models and one set for hospitalization models. The selection of
core variables was based on prior knowledge, potential associations with infection/
hospitalization and model parsimony, allowing us to control for test-seeking

and care-seeking behavior, general health status, test type and immunity. For the
infection models, the core variables included history of SARS-CoV-2 molecular
test, preventive care, number of outpatient and virtual visits, Charlson comorbidity
score, obesity (BMI > 30), frailty index, specimen type, immunocompromised
status and history of COVID-19. For the hospitalization models, the core variables
included history of SARS-CoV-2 molecular test, preventive care, Charlson
comorbidity score, obesity (BMI > 30), immunocompromised status and history
of COVID-19. Unconditional logistic regression with additional adjustment of
matching factors in the model was used when matched sets needed to be broken
for certain subgroup analyses or when the conditional model failed to converge.
VE (%) was calculated as (1 -adjusted OR) X 100.

We also assessed two-dose and three-dose VE against Delta or Omicron
infection by time since receipt of mRNA-1273 dose 2 or 3 (for two-dose VE: 14-90
days, 91-180 days, 181-270 days and >270 days; for three-dose VE: 14-60 days
and >60 days). As more immunocompromised individuals might have received
dose 3 before the 21 October 2021 Advisory Committee on Immunization
Practices booster dose recommendation®*, we conducted a separate analysis
that excluded individuals who were immunocompromised to assess durability of
protection of three doses in immunocompetent individuals. We also evaluated
three-dose VE in select subgroups, including by age (<65 and >65 years), sex,
race/ethnicity (Hispanic, Non-Hispanic and others) and immunocompromised
status (yes or no). The difference between subgroups was tested by including an
interaction term for subgroup and vaccination in the model. As VE in individuals
with a history of COVID-19 is different from those without’, we also evaluated
three-dose VE against Omicron infection, stratified by age (<65 years and >65
years), among individuals with no history of COVID-19. SAS 9.4 software (SAS
Institute) was used for analyses.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

Individual-level data reported in this study are not publicly shared. Upon reasonable
request and subject to review, KPSC may provide the de-identified aggregate-level
data that support the findings of this study. De-identified data may be shared upon
approval of an analysis proposal and a signed data access agreement.

Code availability

Standard epidemiological analyses were conducted using standard commands
in SAS 9.4. The commands/code are accessible at https://github.com/YiXLuo/
P901-Omicron-Manuscript-Nature-Medicine.
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Sample size The study included 26,683 test-positive cases and 67,847 test-negative controls, for a total 94,530 individuals.
Data exclusions  Individuals were excluded if they received a COVID-19 vaccine other than mRNA-1273, any dose of mRNA-1273 <14 days before the specimen
collection date, 2 or 3 doses of MRNA-1273 <24 days apart from previous dose or >3 doses of MRNA-1273 prior to the specimen collection

date. Additional exclusions included a positive SARS-CoV-2 test or COVID-19 diagnosis code <90 days before the specimen collection date.
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were extracted from the KPSC integrated health care system. Cases included individuals who tested positive by the RT-PCR
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who tested negative with specimens collected between 12/6/2021 and 12/31/2021 and with the same age and membership
requirement as cases. Potential self-selection biases include, 1) The study may not be generalizable to people who are not
tested, including those with milder symptoms who may not pursue testing; 2) Differential care/test-seeking behaviors
between vaccinated and unvaccinated individuals may introduce biases.

Ethics oversight The study was approved by KPSC Institutional Review Board. All study staff with access to protected health information were
trained in procedures to protect the confidentiality of participant data. A waiver of informed consent was obtained as this is
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